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The phenotypic expression of a quantitative trait is due to the 
combined genetic effects of several to many genes, each contributing a 
small amount to total phenotype, plus environmental effects (Falconer, 
1981). Quantitative genetic theory is based on the idea that genes 
controlling quantitative characters are subject to the same laws of 
inheritance as those controlling qualitative characters. In practice, 
however, quantitative traits are usually described in biometrical terms and 
gene effects are not considered individually. One way to study a 
quantitative trait at the gene level is to identify associations between 
phenotypic expression of the trait and the genotypes of scorable markers, 
resulting from linkage between the marker loci and quantitative trait loci 
(QTL). 
Until recently, the ability to identify marker-QTL linkages has been 
hindered by the lack of marker systems that could provide plentiful 
informative markers in germplasm of interest (Sax, 1923, Thoday, 1961). 
This limitation has been largely overcome by the development of molecular 
marker systems, such as RFLPs, which can detect polymorphisms at the DNA 
sequence level. Such markers have been used to construct linkage maps in 
many major crop species (Tanksley et al., 1989; Melchinger, 1990) 
permitting QTL mapping throughout all or much of the genome. QTL analysis 
has also benefited from advances in statistical techniques for detecting 
associations between marker genotypes and phenotypic effects. Maximum 
likelihood and least squares methods have been developed to conduct 
searches for QTL in intervals between linked markers (Lander and Botstein, 
1989; Knapp et al., 1990; Haley and Knott, 1992). 
While these advances have greatly improved the ability to estimate 
the positions and effects of QTL, the actual expression of QTL effects 
remains dependent on characteristics of the population and how it is 
evaluated phenotypically. QTL analysis, like biometrical analysis of 
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quantitative traits, is subject to factors, such as, the germplasm 
evaluated (Abler et al., 1991; Beavis, et al., 1991) whether individuals or 
their progenies are evaluated (Cowen, 1988; Soller and Beckman, 1990), and 
environmental conditions (Patterson et al., 1991). 
In this study, we conducted QTL analysis, based on the performance of 
Fg lines and testcross progenies derived from P3 lines crossed with two 
inbred testers. Traits included grain yield, several other agronomic 
traits, and resistance to second generation European corn borer [Oatrinia 
nubllalis (Hiibner)]. The objectives of the research were: (1) to compare 
the effectiveness of the progeny types experimentally, on the basis of map 
position and magnitude of QTL effects; (2) to apply appropriate genetic 
models to interpret observed QTL effects and predict which progeny type 
will be more effective under different types of gene expression; and (3) to 
determine the role of environmental conditions on QTL expression. 
Explanation of Dissertation Format 
This dissertation is written as three papers corresponding to the 
three objectives listed above. The papers are preceded by General 
Introduction and General Literature Review sections and followed by a 
General Summary section. References cited in the General Introduction, 
Literature Review, and General Summary follow the General Summary. 
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LITERATURE REVIEW 
Types of Markers 
Markers can be broadly divided into cytological and genetic types 
(Figure 1). Cytological markers are due to chromosomal differences in 
structure, which are detectable by microscopy. Their utilization typically 
requires a series of crosses to specialized stocks, such as aneuploid or 
translocation lines, followed by segregation analysis (Burnham, 1962). 
While rarely used in breeding programs, these markers are crucial in 
identifying the chromosomal positions of more plentiful molecular markers 
(Helentjaris et al., 1986; Weber and Helentjaris, 1989). 
Genetic markers are due to allelic differences, and can be subdivided 
into morphological markers, which result in observable phenotypic 
differences, and molecular markers, identified by assays, such as 
electrophoresis. Of the two types, molecular markers have much greater 
utility in breeding because of the following characteristics that 
distinguish them from morphological markers (Tanksley, 1983; Melchinger, 
1990). (1) The number of informative markers is much greater than that 
available with morphological markers. (2) Molecular markers do not have 
deleterious effects on phenotype. (3) Molecular markers are often 
codominant. (4) Epistatic and pleitropic effects are usually considered 
absent or negligible, permitting many markers to be scored simultaneously. 
(5) Molecular marker genotypes can generally be determined at an early 
stage in development, permitting early screening. 
The class of molecular markers can be further subdivided into protein 
markers, identified by differences in polypeptide gene products, and DMA 
markers, identified by DMA sequence differences (Tanksley, 1983). The most 
commonly used protein markers are isozymes. Isozymes are the polypeptide 
products resulting from alternative forms of enzyme-encoding loci. 
Isozymes can be distinguished based on their molecular weight and charge by 
electrophoresis. Reviewing the literature, Melchinger (1990) reported that 
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-CïTOLOGICAL (e.g., monosomies, B-A translocations) 
GENETIC-






-DMA (e.g., RFLPs, RAPDs) 
Figure 1. Schematic representation of the relationship among marker types, 
based on the nature of differences (chromosomal versus allelic) 
and the method of detection, as described in text 
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isozyme systems have been reported in more than 40 species, with number of 
informative systems depending on the germplasm under study. For example, 
in maize, approximately 40 isozyme systems are known, although only 10 to 
20 are typically polymorphic in most breeding populations. 
The development of methods that examine polymorphisms at the DNA 
level provides a considerable increase in the ability to detect 
polymorphisms over isozymes and other protein markers. The reasons are 
that (1) DNA markers are not restricted to protein-coding regions and (2) 
DNA markers can detect polymorphisms in the nucleotide sequence of coding 
regions that either have no effect on amino acid sequence or produce amino 
acid replacements undetectable by electrophoresis (Bernatsky and Tanksley, 
1989). Currently, the most common of these methods is restriction pattern 
analysis (Georges, 1991). In this method, DNA is subjected to one or more 
restriction enzymes, also known as endonucleases, which cleave specific 
nucleotide sequences, resulting in DNA fragments. When a mutation has 
altered the sequence recognized by an endonuclease or given rise to a new 
recognition sequence elsewhere, alternative fragment sizes result. The 
differences in fragment size can be used as a measure of DNA sequence 
variability and are referred to as restriction fragment length 
polymorphisms (RFLPs) (Botstein et al., 1980). To detect RFLPs, the DNA 
fragments are separated, based on size, by electrophoresis. The DNA is 
then denatured, blotted to a nitrocellulose membrane, and the positions of 
the fragments identified by hybridization with a radioactively- or 
chemically-labeled probe (Southern, 1975; Ishii et al., 1990). 
Other methods of detection of DNA sequence polymorphisms use 
polymerase chain reaction (PGR) techniques. PGR involves combining DNA 
with synthetic primers and DNA polymerase. The solution is then subjected 
to repeated cycles of heating to separate the double-stranded DNA, and 
cooling to allow the primers to bind to the single-stranded DNA and the DNA 
polymerase to copy the complementary nucleotide sequences. Each cycle 
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doubles the number of copies of sequence lying between adjacent primers, 
thus selectively increasing specific DMA fragments at an exponential rate 
(Mullis, 1986). 
Williams (1990) suggested the addition of single, randomly chosen 
primers to the DNA of individuals in a population. The resulting fragments 
can then be subjected to agarose electrophoresis to identify polymorphisms. 
This method has been referred to as random amplified polymorphic DNA (RAPD) 
marker analysis. RAPD markers (RAPDs) do not require species-specific 
probes and the laboratory techniques are relatively simple and fast, 
compared to those required for RFLPs (Anderson and Fairbanks, 1990). A 
disadvantage to RAPDs is that they are usually dominant and thus provide 
less information than RFLPs, which are codominant (Williams, 1990; Cregan, 
1992). 
In species or populations where little polymorphism is present, more 
sensitive methods of detection are being developed, several of which focus 
RFLP or PGR techniques on highly variable regions of repeated DNA (Soller, 
1990; Georges, 1991). One such method is the PGR amplification of 
hypervariable microsatellite regions using primers complementary to 
conserved flanking regions. On the basis of mammalian and limited plant 
data, the detection of microsatellite (also referred to as simple sequence 
repeat or SSR) polymorphisms may provide greater sensitivity than RPLPs or 
RAPDs, although technical questions will need to be worked out before the 
method gains widespread use (Cregan, 1992). 
Using Markers to Identify Trait Loci 
The high level of polymorphisms detectable by molecular markers makes 
them well-suited for a variety of plant breeding applications. For 
example, marker profiles can be used to check the purity of seed lots (Arus 
et al., 1982), assure proprietery rights (Smith and Smith, 1991), or 
measure genetic relationships among breeding material (Lee et al., 1989; 
Melchinger et al., 1991; Dudley et al., 1991; Charcosset et al., 1991). 
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Another important application of molecular markers is the identification 
and mapping of trait loci. The detection of a trait locus is dependent on 
genetic linkage between the trait locus and one or more marker loci, which 
results in an association between the phenotype of the trait and the 
genotype of the marker(s). If markers have been identified throughout the 
genome, a linkage map can be constructed that can be used to map the 
locations of the identified trait loci. If information is available to 
match linkage groups with chromosomes, trait loci can be mapped to their 
chromosomal positions. 
An important ramification of high-density molecular marker maps is 
that any trait can be dissected, to a large extent, into its individual 
gene components. While some traits of importance to breeders are expressed 
qualitatively, most are expressed quantitatively. Although the variation 
associated with quantitative traits cannot be assigned to individual genes 
based on phenotypic evaluation alone, these traits are due to the action of 
individual genes acting according to the same laws of inheritance as genes 
controlling qualitative traits (Thoday, 1961; Falconer, 1981). Thus, with 
appropriate testing and analysis, the positions of QTL can also be 
determined. 
Statistical Methods of QTL Analysis 
The simplest approach to identifying QTL is by single-factor analysis 
of variance of each marker locus, where sources of variation include the 
marker locus class (df = number of genotypic classes - 1) and individuals 
or progenies within the marker class [df = (number of individuals or 
progenies - 1)(number of genotypic classes)]. Several researchers have 
applied this type of analysis to identify QTL in a variety of crop species, 
including maize (Edwards et al., 1987; Abler et al., 1991; Edwards et al., 
1992), tomato (Osborn et al., 1987; Tanksley and Hewitt, 1988), and soybean 
(Keim et al. 1990). While computationally simple, this method has been 
criticized because of several limitations described below. 
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One critisism is that an error rate that is appropriate for the 
analysis of a single marker locus results in an unacceptably high 
experiment-wise error rate when many markers are analyzed. For example, if 
the probability of committing a type I error (falsely declaring the 
presence of a QTL) is set at a = 0.05 for a single marker and separate 
analyses are conducted on 100 independent markers, the probability of 
committing a type I error for at least one of the markers is 1 - (1 -
0.05)100 _ 0.994. One solution would be to set a very stringent a level 
for each marker analysis, although Edwards et al. (1992) argue against such 
a remedy since it would result in a sharp increase in the probability of a 
type II error (failure to identify a true QTL). 
Other critisisms are based on the inability of single-factor analysis 
to account for crossovers that occur between the QTL and the linked marker. 
One consequence of crossovers is that the effect of a QTL is underestimated 
proportional to the amount of recombination that occurs between it and its 
linked marker (Lander and Botstein, 1989). This problem can be largely 
overcome by the saturating the genome with many markers, resulting in 
tighter linkages, on average, between markers and QTL. Edwards et al. 
(1992) showed that the estimated effects of QTL identified by analysis 
using 114 RFLP and isozyme loci were sometimes two to four times the 
magnitude of those identified by the previous analysis using only 17 
isozyme loci (Edwards et al., 1987). 
A single-factor approach also does not provide the most likely 
position of a QTL when there is recombination between the marker and the 
QTL. Again, many markers, properly arranged in a linkage map, help to 
alleviate this problem. However, this approach still is founded on the 
associations of single marker genotypes with phenotypic effects. It will 
therefore not be as effective at identifying the positions of QTL that are 
flanked by two linked markers as methods that simultaneously consider the 
genotypes of flanking markers (Lander and Botstein, 1989). 
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While the single-factor method of analysis may have limitations in 
practice, it provides a good point of reference to describe other methods 
of analysis. Single-factor QTL analysis is equivalent to least squares 
regression of phenotype on the genotype of the marker locus (fl), based on 
the following linear model; 
p,= a + bg, + ej, 
where 
Pl = the phenotypic value of individual i 
a = the mean phenotypic value of bb individuals 
b = average effect of an allele substitution at B 
g^ = the number of B alleles present in individual i 
Bj = residual effect of individual i, due to environmental effects and 
genetic effects not accounted for by the marker locus, assumed to be 
randomly distributed with mean = 0 and variance = (Lander and Botstein, 
1989; Knapp and Bridges, 1990). Multiple regression QTL analysis extends 
this type of model to include all markers in a linkage group, resulting in 
the model: 
Pi = a + b^g, + bggg + ... b^g^ + e,, 
where n = the number of marker loci in a linkage group. 
This method has been advocated by Lande and Thompson (1990) for use in 
marker-assisted selection programs because of the increased ability of 
multiple markers to account for linkage disequilibrium changes over several 
generations of selection. 
In both the single- and multiple-factor methods described above, the 
genotypes of the markers are known. The genotypes of points lying between 
flanking markers, while not known, can be defined in terms of probabilities 
of occurrence, based on the genotypes of their flanking markers. Flanking 
marker models have been described for least squares (Haley and Knott, 1992) 
and maximum likelihood methods (Lander and Botstein, 1989; Knapp et 
al.,1990) that allow tests for the presence of a QTL at all points between 
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linked marker loci. The most common of these methods is referred to as 
interval mapping (Lander and Botstein, 1989). 
Interval mapping uses maximum likelihood to estimate the parameters 
a, b, and at arbitrary genetic sites in intervals bracketed by linked 
genetic markers. In general, maximum likelihood fits observed data to a 
model to obtain maximum likelihood estimates of the parameters (MLEs). 
These estimates are then compared to MLEs estimated from a model to which a 
constraint has been imposed. In interval mapping, comparisons can be made 
between MLEs for a, b and , calculated from the observed data to those 
that would be expected, assuming no QTL is segregating, by imposing the 
constraint b=0. The ratio of the MLEs to constrained MLEs is referred to 
as an odds ratio. By convention, the log^Q this value is often reported 
and is referred to as a LCD value. A LOD score that exceed a defined 
threshold provides evidence of a QTL associated with that particular site. 
QTL Analysis Based On Progeny Evaluation 
Although QTL analysis has often been based on the phenotypic 
performance of individuals, evaluation of progenies in replicated plots 
provides several advantages, including better control of experimental error 
variance (Lander and Botstein, 1989; Knapp and Bridges, 1990; Soller and 
Beckman, 1990) and the ability to examine the interaction between QTL 
expression and the environment (Paterson, 1991; Dudley, 1992). The 
advantages of phenotypic evaluation of replicated progenies is reviewed 
more thoroughly in Paper I. Differences in the genetic information 
provided by different progeny types is a primary consideration in progeny 
choice (Cowen, 1988). Genetic effects associated with various progeny 
types is discussed in detail in Paper II. 
Applications of QTL Mapping in Breeding Programs 
While molecular markers have been successfully used to identify QTL 
in many studies, examples of successful applications of this information in 
breeding programs are extremely limited. To date, marker-facilitated 
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identification of trait loci has primarily been used as an aid in 
backcrossing monogenic traits into desired backgrounds, particularly those 
traits which are difficult to evaluate phenotypically (Melchinger, 1990). 
Conceptually, the transfer of chromosomal regions containing favorable 
alleles for multi-genic traits is no different, although the number of 
individuals that need to be screened increases dramatically as the number 
of desired marker genotypes to simultaneously select increases. Tanksley 
and Hewitt (1988) also pointed out that the change in trait expression 
accompanied by the transfer of chromosomal regions containing QTL is 
dependent on the genetic background of the recipient and that marker-
defined chromosomal regions that carry favorable alleles for one trait may 
also carry deleterious alleles for other traits. 
Lande and Thompson (1990) suggested that information on QTL genotype 
could be combined with information on phenotype (from an individual or its 
relatives) in a selection index. Based on theoretical considerations, they 
concluded that the increase in efficiency of marker-assisted selection 
(MAS) over phenotypic selection alone was greatest when the heritability of 
the trait was low. Lande and Thompson suggested a multiple regression of 
phenotype on marker genotype in the first segregating generation to 
identify marker/QTL associations. If marker-assisted selection were 
conducted over several generations, they noted that réévaluation may be 
neccessary to account for the reduction in linkage disequilibrium. 
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PAPER I. A COMPARISON OF F3 LINE AND TESTCROSS PROGENY EVALUATION 
FOR IDENTIFYING QUANTITATIVE TRAIT LOCI (QTL) IN MAIZE 
13 
ABSTRACT 
Detection of quantitative trait loci (QTL) is expected to vary 
depending on the type of progeny evaluated phenotypically. The objective 
of this paper was to compare the effectiveness of QTL detection using P3 
and testcross (TC) progeny evaluation on the basis of estimated QTL 
positions and magnitude of effects. 
One hundred eighty-two Fg individuals derived from a B52 X B73 cross 
were genotyped at 87 segregating RFLP loci. The performance of F3 lines 
per se and TC progenies, generated by topcrossing F3 lines with the inbred 
testers, Mol7 and Oh43, was evaluated at two to six environments for grain 
yield and several other agronomic traits. Interval mapping was used to 
determine the positions of putative QTL on a linkage map and to estimate 
their effects. 
The positions of QTL, as indicated by log-likelihood peaks exceeding 
a 2.2 threshold, frequently mapped to similar regions (< 20 cM apart) in F3 
line and both TC progeny evaluations. Regions with significant peaks 
detected by Mol7 TC and Oh43 TC evaluation but not F3 line evaluation were 
also common. One notable difference in QTL detection among the progeny 
types was for grain yield, where analysis using a single-QTL model detected 
5 significant peaks in F3 lines, 8 in Oh43 TCs, and 19 in Mol7 TCs. 
Subsequent analysis using multiple-QTL models reduced the number of likely 
QTL sites to four in F3 lines and Oh43 TC, and five for Mol7 TC, however 
variance accounted for by a multiple-QTL model remained high in Mol7 TC 
evaluation (65.4) relative to that of Oh43 TC (41.9) and F3 line (37.2) 
evaluation. 
These results suggest that both F3 and TC progeny evaluation are 
effective in detecting QTL for most agronomic traits, although TC 
evaluation may be superior for grain yield. The effect of tester choice 
may also be greatest for grain yield and other traits where specific 
combining ability is important. 
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INTRODUCTION 
Molecular marker systems, such as RFLPs, are currently being utilized 
in several crop species to identify chromosomal regions containing 
quantitative trait loci (QTL). The identification of a QTL requires a 
population that is segregating for the QTL and one or more linked markers. 
The effect of the QTL is then identified based on an association between 
marker genotype and the phenotypic expression of the trait. Often, the 
same individuals that are scored for marker genotype (usually from an Fg or 
first generation BC population) are measured phenotypically. However, 
traditional biometrical studies of quantitative traits have demonstrated 
the utility of indirect evaluation of individuals based on phenotypic 
measurements made on their progenies in replicated trials (Hallauer and 
Miranda, 1981). Progeny evaluation is applicable to QTL studies, as well, 
and has the following advantages. (1) The evaluation of progeny permits 
measurement on a plot basis, which is often a more practical and 
interpretable measure of a quantitative trait, such as grain yield, than 
measurement of a single individual (Soller and Beckman, 1990). (2) 
Replication of plants within plots and plots within and across environments 
increases the power of the test by reducing the standard error of a progeny 
mean relative to the standard deviation of an individual (Soller and 
Beckman, 1990; Knapp and Bridges, 1990). (3) Replication across 
environments provides information regarding the genotype X 
environment effects associated with QTL (Paterson et al., 1991). (4) 
Progeny types can be chosen that increase the power to detect certain 
genetic effects (Cowen, 1988; Soller and Beckman, 1990; Knapp, 1991). 
QTL studies based on progeny evaluation, have primarily been limited 
to some form of inbred progeny evaluation, such as F3 line (Beavis et al., 
1991; Paterson et al., 1991) or near-isogenic line (NIL) (Muelbauer et al., 
1988) comparisons. In maize and other hybrid crops, combining ability is a 
primary consideration. Combining ability is measured by testcross progeny 
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performance, where trait expression is a function of alleles from the 
population in combination with alleles from a tester. Stuber et al. (1992) 
recently published results from a QTL study using backcross progeny, a form 
of testcross. However, the form of testcross common in maize breeding 
programs, crossing to an unrelated tester, has not been addressed 
experimentally in published QTL studies. 
In this study, we generated two testcross maize populations by 
crossing Fg lines (derived from B73 x B52) with two unrelated inbred 
testers (Mol7 and Ohl43). QTL analysis was conducted based on associations 
between RFLP genotypes of F2 individuals with the phenotypic performance of 
their Fg line and testcross progenies. The objective of this paper is to 
compare the estimated map position and magnitude of effect of QTL 
identified in the different progeny types for grain yield, other agronomic 
traits, and second generation European corn borer [Ostrinia nubilalis 
(Hubner)]. 
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MATERIALS AND METHODS 
Genetic Materials 
Crosses between B52 and B73 were made in 1987 at Ames, Iowa. The 
resulting was selfed in a winter nursery to form a segregating Fg (Sq) 
population. Fg-derived P3 (S^) lines were generated in 1988 at Ames. F3 
lines were testcrossed with Mol7 and Oh43 in 1989 at Ames. The testers 
were used both as male and female parents. One hundred eighty-two 
testcross progenies were formed by bulking equal quantities of testcross 
seed from ears harvested within an F3 line. The number of ears bulked 
within each line was usually between eight to twelve and never fewer than 
five. P3 lines were also increased in 1989 by sib-mating. 
Field Evaluation Procedures 
In 1990 and 1991, data were collected on F3 lines and corresponding 
Mol7 and Oh43 testcross (TC) families at Ames, Ankeny, and Martinsburg, 
Iowa. At each location, each progeny type was evaluated in a separate 
experiment using a 14 x 14 simple lattice design. In addition to the 182 
progenies in each experiment, 14 hybrid checks were included in the 
testcross experiments and 14 inbred line checks were included in the F3 
experiment for a total of 196 entries per experiment. In the F3 line 
evaluations, checks were comprised of seven entries each of B52 and B73. 
Checks used in the testcross evaluations varied due to seed availability. 
In 1990, checks used in the Mol7 TC evaluation were comprised of seven 
entries each of B73 x Mol7 and B84 x Mol7, and in 1991, seven entries each 
of B73 X M0I7 and Oh43 x Mol7. In 1990, checks used in the Oh43 TC 
evaluation were comprised of seven entries each of B73 x Mol7 and B84 x 
Mol7, and in 1991, seven entries of B73 x Oh43, two entries of B52 x Oh43, 
and 5 entries of B73 x B84. 
The following traits were measured on a plot basis at the locations 
indicated below; 
Ames, Martinsburg, Ankeny - 1990, 1991. 
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(1) Machine harvested grain yield (Mg ha"^ ), adjusted to 155 g kg'^ 
moisture. 
(2) Grain moisture (g kg'^ ) at harvest. 
(3) Stalk lodging (%), based on plants broken at or below the top ear node. 
Ames, Martinsburg - 1990, 1991; Ankeny 1990. 
(4) Root lodging (%), based on plants leaning 30 degrees or more from 
vertical. 
(5) Dropped ears {%). 
(6) Plant height (cm), calculated as the average of measurements taken on 
ten competetive plants after anthesis, measured from ground to the flag 
leaf at the base of tassel. 
(7) Ear height (cm), calculated as the average of measurements taken on ten 
competetive plants after anthesis, measured from ground to top ear node. 
Ames - 1990, 1991. 
(8) Accumlated growing degree days to anthesis (GDDP), based on days after 
planting to 50% pollen shed, applied to the formula: 
S(daily maximum temperature (°C) + daily minimum temperature (°C)) / 2 -
10°C, using 30*C and 10°C as limits for maximum and minimum temperatures, 
respectively (Shaw, 1988). 
(9) Accumulated growing degree days to silk (GDDS), based on days after 
planting to emergence of silk on 50% of plants, calculated from the same 
formula used for accumulated growing degree days to anthesis. 
testcrosses: Ames - 1990, 1991. 
Fg lines: Ames - 1991. 
(10) Second generation European corn borer (2ECB) tunneling (cm), 
calculated from the average of measurements taken on up to six plants 
(three per hill), using procedures described below. 
Traits one through nine were measured on two-row plots, 5.49 m long 
(from the center of alleys on either end), with rows spaced 0.76 m apart. 
Plots were overplanted with 32 seeds per row and thinned to 26 plants per 
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row to ensure uniform stands for a density of 62,165 plants per hectare. 
In 1990, the Fg line evaluation at Ames was further thinned to 42 plants 
per plot due to poor germination, for a density of 50,210 plants per 
hectare. 
2ECB tunneling was measured on plots consisting of two hills, 
overplanted with six kernels per hill and thinned to three plants per 
hill. Hill plots were artificially infested with laboratory-reared corn 
borer larvae (Guthrie, 1987). An application consisted of a metered dose 
of approximately 65 freshly hatched larvae in a corncob grit. Each plant 
received four applications of larvae to the leaf collar of the top ear 
shoot and three applications to the leaf collars of the nodes directly 
above and below the ear node for a total of ten applications or 
approximately 650 larvae per plant. Applications were spread over 
approximately 7 to 10 day periods, timed to coincide with the pollen 
shedding period for each experiment. 
Measurement of tunneling damage began, on average, 65 days after the 
initial applications of larvae. Each plant was split lengthwise and total 
tunneling length measured, from the base of the plant at ground level to 
the top ear node. If a region of the stalk contained overlapping tunnels, 
a single continuous measurement was made of that region. Holes caused by 
tunneling perpendicular to the stalk were counted as 1.27 cm (0.5 inch) 
each. 
RFLP Procedures 
RFLP genotypes of Fg individuals were determined based on the 
sampling of F^^derived Fg individuals. Ten F3 seedlings from each F2 
individual were grown in the greenhouse. Equal quantities of leaf tissue 
were collected from each and bulked. DNA was isolated using procedures 
described by Saghai-Maroof et al. (1984). Restriction enzyme digests, 
electrophoresis, and Southern blotting techniques were carried out using 
standard procedures (Helentjaris et al., 1985), described briefly here. 
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Single digests were made using the restriction enzymes, EcoRI, EcoRV, and 
Hindlll. DNA samples were loaded onto neutral agarose gels, separated by 
electrophoresis, and blotted to nylon membranes. Eighty-five single-copy 
and one two-copy DNA clones were used as probes for a total of 87 marker 
loci. The clones were obtained from collections at the University of 
Missouri-Columbia, Brookhaven National Laboratories, Native Plants, 
Incorporated, and Pioneer Hi-Bred International. The clones were 
radiolabelled and hybridized to complementary sequences in the DNA 
fragments residing on the nylon membranes. Membranes were exposed to X-ray 
film to identify the positions of the fragments on the membranes. 
Analysis of Field Data 
Within each environment, each of the three 14 X 14 simple lattice 
experiments was analyzed using the linear model: 
Yijk = /i + Rj + Bij + Gk + ejjk ; 
where Yjj|^ = the observed value of genotype k in block j of replication i; 
fi = the overall mean; 
Rj = the effect of replication i (i = 1, 2); 
Bjj = the effect of block j in replication i (j = 1, 2, 14); 
G|^  = the effect of genotype k (k = 1, 2, ..., 196); 
and ejji^ = the random error associated with genotype k in block j of 
replication i. 
Entry means at each environment were adjusted using weighting factors to 
account for block effects (Cochran and Cox, 1957). Analyses combined 
across environments were conducted for each experiment using adjusted entry 
means for the 182 (B52 X B73)-derived progenies. The remaining 14 check 
entries were excluded from combined analyses since they were not consistent 
across environments. The model for the combined analyses was; 
Y|j = /i + E| + Gj + (GE)|j ; 
where Yjj = the observed value of genotype j in environment i; 
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H = the overall mean; 
Ej = the effect of environment i (i = up to six, depending on trait); 
Gj = the effect of genotype j (j = 1, 2, 182); 
(GE) | j  = the interaction effect of genotype j in environment i. 
Genotypio (aZg), phenotypic genotype x environment (cr^gg), and 
error (f^err) variance components were estimated based on expectations of 
mean squares from the combined analysis of variance as shown below: 
a^g = (MSg - MSgJ/rl 
P:ph = MSg/rl 
~ (MSgg — 
^^err ~ ^ ®err 
where r = the number of replications per environment, 1 = the number of 
environments, and MSg, MSgg, and MSg^^ designate mean squares associated with 
genotype, genotype x environment, and effective error, respectively. 
Standard errors were calculated for each, based on the variance of a 
variance estimate described by Snedecor (1952) and Hallauer and Miranda 
(1981). 
Heritabilities were calculated on a progeny mean basis (Hallauer and 
Miranda, 1981) using the formula; Confidence intervals on 
heritability estimates were calculated as follows (Knapp et al., 1985): 
lower limit = 1 - [Fg(F^ ) ]'^ ; 
upper limit = 1 - [Fg(P2)]'^ ; 
where Fg = MSg/MSgg ; 
1^ ~ o^/2: df 0, df ge ' 
2^ ~ 1^-ff/2: df g, df ge ' 
using a - 0.05. 
Phenotypic correlations among traits measured in row plots were 
calculated on adjusted progeny means, excluding checks, over all 
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environments. Genotypic correlations among row-plot traits were calculated 
on adjusted progeny means, excluding checks, within environments in common 
to the traits under consideration. Estimates of phenotypic correlations 
between 2ECB tunneling and the other traits were not possible since 2ECB 
tunneling was measured separately in hill plots. Instead, correlations 
calculated on means over environments between 2ECB tunneling and row-plot 
traits were considered measures of genotypic correlation since data were 
collected from an independent set of plots (Kempthorne, 1957). 
Distributions of traits were tested for normality using the W-
statistic described by Shapiro and Wilk (1965), calculated on adjusted 
progeny means over environments, excluding checks. 
Analysis of Marker Data 
Chi-square values were calculated for each the 87 marker loci to 
determine deviations from the expected 1:2:1 genotypic segregation ratio 
for an F2 population. Probabilities were calculated using 2 degrees of 
freedom. The parental contribution to the genome of each F2 individual was 
estimated as described by Paterson et al. (1991). Loci homozygous for B52 
alleles were assigned values of 1, heterozygous loci assigned values of 
0.5, and loci homozygous for B73 alleles assigned values of 0. Each marker 
locus value was weighted by half the map distance to adjacent markers. The 
sum of weighted values for all markers was divided by the total genome 
length, resulting in percent contribution by B52 to each individual. The 
frequency distribution of the population was then determined. 
A linkage map was constructed based on associations among RFLP 
genotypes using the computer program, Mapmaker (Lincoln et al., 1990). 
Putative linkage groups were assigned based on log-likelihood comparisons 
of linkage information from all two-point (pair-wise) combinations. Linear 
order and genetic distances among marker loci within each group were 
determined based on two-, three-, and multipoint comparisons. Genetic 





The most likely positions of QTL were identified by interval mapping 
(Lander and Botstein, 1989) using the computer program, Mapmaker-QTL 
(Lincoln et al., 1990). Tests for the presence of a QTL were calculated at 
2 cM increments throughout the entire linkage map. At each position, the 
likelihood that a QTL was present was compared to the likelihood that no 
QTL was segregating; the log^Q of this ratio referred to as a log-
likelihood or LOD score. The assumption of this test is that phenotype can 
be explained by (1) the effect of a single QTL located at the position 
being evaluated and (2) normally distributed environmental variation and 
genetic variation not controlled by the QTL (Lincoln and Lander, 1990; 
Knapp and Bridges, 1990). 
The threshold that a LOD score must exceed for declaration of a QTL 
was determined based on the formula for the sparse-map case as described by 
Lander and Botstein (1989): T = 0.5(logipe) ( Z„/^)where T = the threshold 
level, a = the probability of declaring a QTL somewhere in the genome when 
none are segregating, and M = the number of marker intervals. With 87 
markers on 10 linkage groups resulting in 77 marker intervals and a 
assigned at 0.05, the significance threshold was calculated as 2.2. 
Positions of QTL were estimated at the maxima of regions exceeding 
the LOD threshold. Adjacent maxima were considered evidence of separate 
QTL when there was at least a two unit decrease in log-likelihood between 
them. Ninety percent support intervals were placed around each QTL 
estimate, indicating a one unit decrease in maximum LOD score or a 10:1 
change in the odds ratio. 
Multiple-QTL Model 
Interval mapping using a single-QTL model assumes that estimates of 
QTL effects made throughout the genome are independent of one another. 
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Several authors have advocated the use of a multiple-QTL model (Lander and 
Botstein, 1989; Knapp, 1991; Knott and Haley, 1992). Such models consider 
multiple positions simultaneously to determine whether variation associated 
with a given site is independent of variation associated with other sites. 
Information gained from multiple-QTL models can help determine if multiple 
LOD peaks within a chromosomal region are due to a single or multiple QTL. 
The information is also useful in identifying correlations between unlinked 
sites which can arise from numerous causes including epistasis, nonnormal 
trait data, and errors in the data set (Lincoln et al., 1990). 
Given the large number of significant LOD peaks initially detected 
using a single-QTL model (19 identified for grain yield in Mol7 TC), 
consideration of all possible combinations was not feasible. Instead 
putative QTL identified by single-QTL analysis were added to a multiple-QTL 
model in order of their LOD scores, highest to lowest. Another 
consideration was the choice of a significance threshold for inclusion in 
the multiple-QTL model. Since degrees of freedom increase with the 
addition of each QTL term, it has been suggested that the threshold should 
increase with each additional term (Lander and Botstein, 1989; Lincoln, et 
al., 1990). Methods to determine the size of the increase have not been 
adequately established, however. We, therefore, chose to consider a site 
to be the "likely" position of an actual QTL (i.e., include it in the 
multiple-QTL model) if it resulted in an increase in LOD score of 2.2 (the 
initial threshold) over the LOD score of the previous model. Note that 
this threshold applied to a multiple-QTL model is not equal to the 
experiment-wise a of 0.05 as it was in the single-QTL case. 
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RESULTS 
Analysis of Field Data 
In the Mol7 testcross experiment, Shapiro-Wilk W-tests to detect 
deviations from normality were highly significant (P ^  0.01) for grain 
yield, dropped ears, and 2ECB tunneling, and significant (P < 0.05) for 
grain moisture and GDDS. In the Oh43 testcross evaluation, departures from 
normality were highly significant for grain yield and dropped ears, and 
significant for stalk lodging and GDDS. In the F3 line evaluation, 
departures from normality were highly significant for root lodging, stalk 
lodging, and dropped ears. Although interval mapping assumes normal 
distribution of phenotypes, Knott and Haley (1992) recently reported that 
the maximum likelihood approach using flanking markers is not sensitive to 
violations of this assumption. 
A comparison of means across experiments revealed that Mol7 
testcrosses had, on average, higher grain yield, lower grain moisture, were 
taller, and later to silk and shed pollen than their Oh43 counterparts 
(Table 1). P3 lines were, on average, lower yielding, shorter, and later 
to silk and shed pollen than either of the testcrosses. 2ECB tunneling was 
over twice as great in Mol7 testcrosses than Oh43 testcrosses and nearly 
twice as much again in F3 lines. 
Genotypic effects were highly significant for all traits except for 
2ECB tunneling in Oh43 TC evaluation, which was significant; and GDDS in F3 
line evaluation, root lodging and dropped ears in Mol7 TC evaluation, and 
root lodging in Oh43 TC evaluation, which were nonsignificant (Table 2). 
Genotype by environment interactions were highly significant except for the 
following traits from both testcross evaluations: GDDS (P > F = 0.71 for 
M0I7 TC, 0.03 for Oh43 TC2), GDDP (P > F = 0.13 for Mol7 TC, 0.16 for Oh43 
TC), and 2ECB tunneling (P > F = 0.59 for Mol7 TC, 0.34 for Oh43 TC). 
Estimates of genetic variance from F3 line evaluation were 
substantially higher than either testcross evaluation for grain moisture, 
Table 1, Trait means over environments ± standard errors, calculated 
from F3 line, Mol7 TC, and Oh43 TC family evaluation. 
Fa lines Mol7 topcrosses Oh43 topcrosses 
Trait n Mean n Mean n Mean 




























































Table 2. F values for genotypic and genotype x environment interaction effects and their 
respective probability levels from analysis of variance, combined over environments. 
Fo lines Mol7 topcrosses Oh43 topcrosses 
Trait* Fg Pr>Fg Fg, Pr>Fgg Fg Pr>Fg Fgg Pr>Fgg Fg Pr>Fg Fgg Pr>Fgg 
Grain Yield 6.94 0.00 1. 63 0.00 7.03 0.00 1.28 0.01 3,26 0.00 1.45 0.00 
Grain Moisture 8.31 0.00 1. 39 0.00 6.03 0.00 1.35 0.00 5.41 0.00 1.43 0.00 
Root Lodging 1.48 0.00 3. 57 0.00 1.12 0.16 1.50 0.00 1.17 0.08 1.67 0.00 
Stalk Lodging 2.15 0.00 2. 28 0.00 1.61 0.00 1.36 0.00 1.66 0.00 1.73 0.00 
Dropped Ears 1.45 0-00 1. 38 0.00 1.12 0.16 1.52 0.00 1.39 0.00 1.79 0.00 
Ear Height 6.32 0.00 2. 12 0.00 8.96 0.00 1.33 0.00 0.49 0.00 1.53 0.00 
Plant Height 5.98 0.00 2. 19 0.00 9.03 0.00 1.52 0.00 0.10 0.00 1.49 0.00 
GDDS 1.26 0.06 1. 99 0.00 5.35 0.00 0.93 0.71 4.20 0.00 1.28 0.03 
GDDP 1.45 0.01 2. 52 0.00 4.60 0.00 1.15 0.13 4.06 0.00 1.14 0.16 
2ECB Tunneling 2.34 0.00 2.29 0.00 0.97 0.59 1.32 0.03 1.05 0.34 
® MSgg used as error term for all traits except 2ECB tunneling in Fg line evaluation where 
MSgjj used since only evaluated in one environment. 
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root lodging, ear height, plant height, and 2ECB tunneling, and 
substantially lower for GDDS (Tables 3, 4, and 5). Differences between 
estimates of genetic variance from the two testcross experiments were 
greatest for grain yield and 2ECB tunneling, with Mol7 TC having higher 
values for both traits. Estimates of genotype x environment interaction 
from Fg line evaluation were considerably higher than from TC evaluation 
for grain moisture, root lodging, ear height, plant height, and 
particularly GDDS and GDDP (> lOOX as great). 
The heritability estimate for grain yield in Oh43 TC evaluation (h^ = 
0.59) was significantly lower than estimates made in either F3 line or Mol7 
TC evaluations (h® = 0.86 for both), based on nonoverlapping h^ confidence 
intervals (Table 6). Heritability estimates were generally high (h^ ^ 
0.82) in all three progeny evaluations for grain moisture, ear height, and 
plant height. In contrast, heritabilities estimated for root lodging, 
stalk lodging, and dropped ears were generally low (h^ < .53) in all three 
progeny evaluations. Heritability estimates for GDDS and GDDP were both 
significantly lower in F3 line evaluation (h^gp^g = 0.21; h^gp^p = 0.31) 
than in either testcross evaluation (h^gppg = 0.81 for Mol7 TC, 0.78 for 
Oh43 TC; h^gppp = 0.78 for Mol7 TC, 0.75 for Oh43 TC). Comparing the 
testcross experiments, 2ECB tunneling heritability was significantly lower 
in Oh43 TC (h^ = 0.25) than in Mol7 TC (h^ = 0.56) evaluation. 
Phenotypic correlations calculated on progeny means over environments 
(Table 7) were generally somewhat lower than genotypic correlations 
calculated on progeny means within common environments (Table 8) although 
the direction of the values were nearly always the same. Both measures 
showed high levels of association in all experiments between ear and plant 
height, and GDDS and GDDP. Positive correlations were also present in all 
experiments among the maturity traits (GDDS and GDDP), height traits (ear 
and plant) and grain moisture at harvest. Increased grain yield was 
Table 3. Variance components based on expectations of means squares calculated from 
Fg line analysis of variance, combined over environments. 
Trait a2g ± s.e. ± s.e. — s.e. — s.e. 
Grain Yield 0. 40 ± 0.05 0. 16 ± 0. 02 0.50 ± 0.02 0.47 ± 0.05 
Grain Moisture 255. 14 ± 30.37 58. 26 ± 11. 86 302.58 ± 13.26 290.06 + 30.32 
Root Lodging 10. 13 ± 3.43 91. 68 ± 6. 18 71.48 ± 3.09 31.37 ± 3.28 
Stalk Lodging 4. 19 ± 0.84 10. 27 ± 1. 02 16.03 ± 0.70 7.85 ± 0.82 
Dropped Ears 0. 10 ± 0.04 0. 30 ± 0. 07 1.59 ± 0.07 0.32 ± 0.03 
Ear Height 72. 59 ± 9.04 35. 99 ± 3. 84 64.43 ± 2.79 86.23 ± 9.01 
Plant Height 126. 68 ± 15.96 69. 08 ± 7. 13 116.22 ± 5.03 152.12 ± 15.90 
GDDS 85. 09 ± 54.81 324. 85 ± 72. 26 653.34 ± 48.30 410.84 ± 42.95 
GDDP 121. 46 ± 49.83 327. 05 ± 58. 96 429.09 ± 32.91 392.26 ± 41.01 
2ECB Tunneling 65. 80 ± 13.12 , # 98.08 ± 10.61 114.83 ± 12.00 
# Estimates not available because only evaluated in one environment. 
Table 4. Variance components based on expectations of means squares calculated from 
Mol7 TC analysis of variance, combined over environments. 
Trait ± s.e. ± s.e. ± s.e. + s.e. 
Grain Yield 0.63 ± 0.08 0.14 ± 0.04 0.99 ± 0.04 0.74 ± 0.08 
Grain Moisture 63.35 ± 7.96 19.61 ± 4.26 111.94 ± 4.73 75.94 ± 7.94 
Root Lodging 0.92 ± 0.99 15.71 ± 2.60 63.22 + 2.70 8.80 ± 0.92 
Stalk Lodging 4.07 ± 1.18 8.87 ± 2.05 48.94 ± 2.14 10.74 ± 1.12 
Dropped Ears 0.03 ± 0.04 0.46 ± 0.08 1.80 ± 0.08 0.31 ± 0.03 
Ear Height 29.67 ± 3.50 4.59 ± 1.16 28.10 ± 1.23 33.40 ± 3.49 
Plant Height 46.06 ± 5.42 9.84 ± 1.72 37.69 ± 1.65 51.79 ± 5.41 
GDDS 183.94 ± 24.06 -6.56 ± 11.27 182.31 ± 13.98 226.23 ± 23.65 
GDDP 123.15 ± 16.83 9.16 ± 8.47 118.39 ± 9.08 157.33 ± 16.45 
2ECB Tunneling 16.57 ± 3.36 -0.83 ± 3.37 53.05 ± 4.07 29.42 ± 3.08 
Table 5. Variance components based on expectations of means squares calculated from 
Oh43 TC analysis of variance, combined over environments. 
Trait ffïg ± s.e. ± s.e. <^^err - s.e. ± s.e. 
Grain Yield 0.19 ± 0.03 0.16 ± 0.03 0.70 ± 0.03 0.28 ± 0.03 
Grain Moisture 72.37 ± 9.31 29.44 ± 5.54 138.02 ± 6.12 88.78 ± 9.28 
Root Lodging 1.31 ± 1.03 19.00 ± 2.54 56.84 ± 2.46 9.21 ± 0.96 
Stalk Lodging 2.74 ± 0.75 8.73 ± 1.21 23.91 ± 1.05 6.88 ± 0.72 
Dropped Ears 0.13 ± 0.05 0.75 ± 0.10 1.88 ± 0.08 0.47+ 0.05 
Ear Height 44.31 ± 5.13 8.07 ± 1.40 30.56 ± 1.34 48.98 ± 5.12 
Plant Height 66.06 ± 7.67 11.92 ± 2.18 48.75 ± 2.14 73.32 ± 7.67 
GDDS 201.00 ± 28.36 27.60 ± 15.14 196.22 ± 15.05 263.85 ± 27.58 
GDDP 120.81 ± 17.26 9.47 ± 9.83 139.06 ± 10.67 160-32 ± 16.76 
2ECB Tunneling 1.38 ± 0.74 0.43 ± 1.09 16.17 ± 1.24 5.64 ± 0.59 
Table 6. Heritabilities calculated on a progeny mean basis, including upper and lower 
confidence intervals. 














Grain Yield 0.86 0.83 0.88 0.86 0.83 0.88 0.69 0.63 0.75 
Grain Moisture 0.88 0.86 0.90 0.83 0.80 0.86 0.82 0.78 0.85 







Stalk Lodging 0.53 0.44 0.62 0.38 0.25 0.49 0.40 0.27 0.51 
Dropped Ears 0.31 0.17 0.43 0.11 -0.07 0.27 0.28 0.13 0.41 
Ear Height 0.84 0.81 0.87 0.89 0.87 0.91 0.90 0.89 0-92 
Plant Height 0.83 0.80 0.86 0.89 0.87 0.91 0.90 0.88 0.92 
GDDS 0.21 -0.01 0.38 0.81 0.76 0.85 0.76 0.70 0.81 
GDDP 0.31 0.12 0.46 0.78 0.72 0.83 0.75 0.69 0.81 
2ECB Tunneling 0,57# 0.45# 0.67# 0.56 0.44 0.66 0.25 0.04 0.41 
# Estimates calculated from a single environment. 
Table 7. Phenotypic correlations among traits, calculated using 
progeny means over environments. 
Progeny Grain Root Stalk 
Trait Type Moisture Lodging Lodging 









































Stalk Lodging F3 line 
Mol7 TC 
Oh43 TC 
Dropped Ears F3 line 
Mol7 TC 
Oh43 TC 
Ear Height P3 line 
M0I7 TC 
Oh43 TC 
Plant Height F3 line 
M0I7 TC 
Oh43 TC 
GDDS F3 line 
Mol7 TC 
Oh43 TC 
*, **, significant at 0.05 and 0.01 levels, respectively. 
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Dropped Ear Plant 
Ears Height Height GDDS GDDP 
0.01 0.32 * *  0.33 * *  -0.34 * *  -0.15 *  
-0.23 **  0.58 * *  0.63 * *  -0.49 * *  -0.25 * *  
-0.25 * *  0.34 * *  0.31 * *  -0.35 * *  -0.08 
0.14 0.47 *1e 0.43 * *  0.40 * *  0.44 * *  
-0.08 0.25 •kit 0.19 *  0.15 * 0.29 * *  
0.10 0.33 * *  0.31 **  0.38 * *  0.38 * *  
0.00 0.39 * *  0.33 * *  0.24 * *  0.39 * *  
-0.11 0.17 * 0.17 *  -0.13 -0.02 
0.02 0.22 * *  0.23 **  0.10 0.12 
-0.10 0.18 *  0.11 -0.02 0.02 
-0.15 *  0.16 *  0.05 0.09 0.16 *  
0.04 0.34 * *  0.21 * *  -0.16 *  0.06 
0.14 0.24 * *  -0.03 -0.02 
-0.00 0.06 0.20 * *  0.14 
0.19 *  0.24 * *  0.23 * *  0.25 * *  
0.86 * *  0.44 * *  0.58 * *  
0.89 •k* 0.03 0.28 * *  
0.89 * *  0.37 * *  0.61 * *  
0.38 * *  0.45 * *  
0.02 0.24 * *  




Table 8. Genotypic correlations among traits, calculated using 
progeny means within common environments. 
Trait 
Progeny Grain Root Stalk 
Type Moisture # Lodging # Lodging ### 
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Stalk Lodging F3 Line 
M0I7 TC 
Oh43 TC 
Dropped Ears F3 Line 
Mol7 TC 
Oh43 TC 
Ear Height F3 Line 
Mol7 TC 
Oh43 TC 
Plant Height Fg Line 
Mol7 TC 
Oh43 TC 
GDDS F3 Line 
Mol7 TC 
Oh43 TC 
GDDP Fg Line 
Mol7 TC 
Oh43 TC 
# Traits compared in Ames, 1990; Ames, 1991; Martinsburg, 
1990; Martinsburg, 1991; Ankeny, 1990; and Ankeny, 1991. 
## Traits compared in Ames, 1990; Ames, 1991; Martinsburg, 
1990; Martinsburg, 1991; and Ankeny, 1990, 
Traits compared in Ames, 1990; and Ames, 1991. 
Traits compared using progeny means calculated from 
independent sets of plots. 
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Dropped Ear Plant 2ECB 
Ears ## Height ## Height ## GDDS ### GDDP ## # Tunneling#### 
0.06 0.38 0.39 -0.62 -0.17 -0.09 
-0.77 0.66 0.70 -0.58 -0.34 -0.52 
-0.47 0.43 0.36 -0.55 -0.26 -0.04 
0.21 0.54 0.51 1.16 0.99 -0.30 
-0.20 0.33 0.26 0.27 0.39 -0.22 
0.19 0.37 0.35 0.49 0.48 -0.14 
-0.02 0.28 0.24 0.70 0.61 0.02 
0.02 0.41 0.42 -0.30 -0.21 -0.12 
0.35 0.46 0.46 -0.11 0.02 0.24 
-0.23 0.18 0.12 0.40 0.24 -0.04 
-0.77 0.23 0.04 0.22 0.47 0.05 
0.18 0.53 0.33 -0.52 -0.10 0.03 
0.24 0.43 0.00 0.04 0.02 
-0.05 0.14 0.49 0.46 0.16 
0.35 0.45 0.36 0.56 0.01 
0.88 0.59 0.40 -0.01 
0.92 0.13 0.39 -0.22 
0.91 0.42 0.69 0.03 
0.97 0.46 -0.03 
0.11 0.35 -0.29 








generally associated with increased root lodging, increased height, and 
earlier maturity. 
Analysis of Marker Data 
Ten linkage groups, corresponding to the 10 maize chromosomes, were 
identified based on associations among RFLP marker loci (Figure 1). The 
linear order of markers was in good agreement with published maps (Coe, et 
al., 1990). While umcl04 was not strongly associated with any linkage 
group, it was mapped to the distal end of 5L based on its position on 
published maps and loose linkage with umcSl. The total length of the 
linkage map was 1708 cM with an average interval length of 22 cM. 
The proportion of the genome contributed by the parents to each F2 
individual was determined based on allelic frequencies at marker loci 
weighted by the region they represented (Figure 2). The mean proportion of 
the B52 genome to the Fg population was 0.49. Deviations from the expected 
1:2:1 genotypic ratio were highly significant (P < 0.01) for 18 of the 87 
marker loci. Of these loci, 13 had a higher than expected proportion of 
heterozygous genotypes. Figure 3 shows the parental contribution to each 




Significant log-likelihood peaks for grain yield were numerous, 
especially for the Mol7 TC, with 19 separate regions exceeding the LOD 
threshold of 2.2 (Tables 9, 10, and 11). The magnitude of LOD values for 
yield was also high in both testcross evaluations. The five highest LOD 
values (range: 6.69 to 8.86) calculated for any of the traits in the study 
were present in either the Mol7 TC or Oh43 TC evaluation of yield. The 
number of QTL estimated in the F3 line evaluation was lower than that of 
either testcross experiment, and the precision of QTL placement, as 
































































































































































• = approximate centromere position 
87 RFLP mariner loci 
average interval length = 22 cM 
total map length = 1708 cM 
Mean = 497c 
Co 
V£> 
15 20 25 30 35 40 45 50 55 60 65 70 75 80 
% B52 genome 
Figure 2. Frequency distribution of %B52 estimated in Fg individuals 
chromosome 
Bars extending to the left of chromosome lines ( ) indicate B52 
frequencies < 0.5; bars to the right indicate 852 frequencies > 0.5; 
boundaries ( •) indicate ± 0.25 deviations 
Figure 3. Deviations from expected 0.5 allelic frequencies at RFLP marker loci 
Table 9. Putative QTL from F3 line evaluation, using an unconstrained model, LOD 
threshold = 2.2, and support interval (S.I.) fall-off = 1.0 log-likelihood 
unit. Percent variance refers to the proportion of phenotypic variation 
associated with a QTL. Direction indicates the parental line whose allele 
contributes to an increase in trait value. 
% S.I. Length 
Trait Chromosome Interval LOD Variance (CM) Direction 
Grain yield 1 bnl559-umc23 2.36 12.9 44.8 B73 
3 npi212-bnll297 3.01 10.3 18.7 B73 
5 bnll012-umc54 3.99 14.4 24.1 B73 
8 npi258-umc7 2.78 12.0 31.4 # B73 
9 umcll4-umc95 3.80 9.2 9.3 B52 
Grain moisture 1 umcl57-bnll205 6.47 32.8 52.8 B52 
Root lodging 1 isu6-bnl829 2.88 8.2 18.3 # B52 
3 umc50-umcl75 3.73 12.0 18.8 # B73 
9 umcll4-umc95 2.60 6.4 9.3 B52 
Stalk lodging 4 umc42-umcl9 4.31 13.2 17.8 # B73 
5 umc51-umcl04 2.28 24.2 86.9 # B52 
8 bnl908-npi268 3.79 14.6 27-9 B73 
Dropped ears 3 umc50-umcl75 3.86 11.2 18.8 # B73 
5 bnl622-bnl743 2.64 7.1 8.1 B73 
5 urac51-umcl04 3.26 58.4 86.9 B52 
8 bnll305-bnl911 2.69 6.6 23.3 # B52 
Ear height 1 umcl57-bnll206 3.97 15.6 52.8 B52 
2 umc98-umc22 3.02 11.6 31.4 B73 
3 umcl75-bnl537 3.72 12.1 23.7 # B73 
7 bnl837-bnll407 4.44 11.4 11 B52 
9 umcll4-umc95 5.56 13.1 9.3 B52 
Plant height 1 umcl57-bnll206 4.54 22.9 52.8 B73 
2 unic98-umc22 2.51 9.0 31.4 B73 
3 umcl75-bnl537 4.72 15.1 23.7 B73 
9 umcll4-umc95 5.89 13.8 9.3 B52 
10 npil05-npi303 2.49 10.6 29.2 # B52 
GDDS 1 bnl562-uincl57 3.01 8.2 30.8 # B52 
GDDP 1 bnl552-uincl57 2.63 9.2 30.8 # B52 
3 umcl75-bnl537 2.68 9.3 23.7 # B73 
4 npi410-bnl823 2-35 11.8 68.5 # B73 
2ECB tunneling 1 bnl562-umcl57 3.16 14.1 30.8 # B73 
2 npi287-isu7 4.49 14.1 21.8 # B73 
3 umc50-umcl75 2.67 7.7 18.8 # B73 
# Support interval goes off the end of the linkage group. 
Table 10. Putative QTL from Mol7 TC evaluation, using an unconstrained model, LOD 
threshold = 2.2, and support interval (S.I.) fall-off = 1.0 log-likelihood 
unit. Percent variance refers to the proportion of phenotypic variation associated 
with a QTL. Direction indicates the parental line whose allele contributes to an 




losome Interval LOD Variance (CM) Direction 
1 umcl57-bnll206 3.57 56.3 52.8 B73 
1 bnl559-umc23 7.53 61.7 44.8 B73 
1 bnl829-bnl632 2.39 6.1 31 B52 
2 umcl3l-piol012 2.91 8.9 7.9 B52 
2 umcl39-umc36 2.59 24.7 46.3 # B73 
3 npi212-bnll297 5.60 13.9 18.7 B73 
4 umc42-umcl9 6.72 23.8 17.8 # B73 
4 bnl303b-umcl5 4.58 27.2 31.4 # B73 
4 npi410-bnl823 8.86 64,4 68.5 B73 
5 bnl622-bnl743 2.32 7.0 8.1 B52 
5 umc51-umcl04 7.44 65.1 86.9 B73 
6 bnl547-npi280 4.05 61.7 38.4 B73 
7 umcll6-umcl25 3.16 58.4 42.7 B52 
7 umc35-umcl68 2.44 6.6 7.9 # B73 
8 bnll305-bnl911 2.73 10.2 23.3 # B73 
8 umcl03-bnll039 6.28 19.5 36.3 B73 
8 npi268-umc7 3.81 9.8 31.4 # B73 
9 umcl53-uracll4 5.15 14.0 4.4 B52 
10 umc64-npi232 4.93 14.0 19.9 B52 
1 umcl57-bnll206 5.17 20.0 52.8 B52 
2 umc98-umc22 6.27 21.4 31.4 B52 
3 bnll297-umc96 3.50 16.5 39 # B73 
6 bnl547-npi280 2.43 10.9 38.4 # B52 
1 bnl559-umc23 2.90 14.3 44.8 B73 
1 umcl28-isu6 2.74 32.6 61.2 B52 
2 umc55-umc5 2.82 6.9 6.7 # B52 
6 umc21-bnl303a 3.42 8.5 16 B52 
2 umc22-umcl39 2.70 9.2 17.4 B52 
3 bnl537-bnll520 3.42 13.4 30.8 B52 
5 bnll006-bnll012 3.56 10.3 42.4 B52 











































































# Support interval goes off the end of 
2.98 9.6 52.8 B52 
2.95 9.9 31-4 # B73 
5.61 13.3 8.1 B52 
3.11 7.6 86.9 # B52 
2.45 6.7 19.7 B52 
2.85 8.6 23.3 # B73 
2.78 8.7 36.3 B52 
4.93 11.9 4.4 B52 
5.39 14.5 31.4 B73 
3.64 14.1 42.4 B52 
3.88 9.4 86.9 # B52 
2.78 8.9 23.3 # B73 
5.60 14.3 4.4 B52 
2.57 8.0 19.9 # B52 
3.90 12.3 30.8 B52 
2.25 5.9 31 B73 
3.38 9.3 6.7 B73 
2.85 8.0 46.3 # B52 
2.39 6.2 18.7 B52 
5.51 15.6 24.1 B52 
5.53 33.1 86.9 # B52 
2.95 7.4 19.9 B73 
4.88 14.7 30.8 # B52 
5.09 15.0 24.1 B52 
2.88 7.1 12.9 B52 
2.66 6.9 34.3 # B52 
3.94 14.9 31.4 B73 
2.60 6.6 6.7 # B52 
4.46 12.2 7.9 # B52 
2.86 7.5 31.4 # B52 
3.36 9.7 29.2 # B52 
the linkage group. 
Table 11. Putative QTL from Oh43 TC evaluation, using an unconstrained model, LOD 
threshold = 2.2, and support interval (S.I.) fall-off =1.0 log-likelihood 
unit. Percent variance refers to the proportion of phenotypic variation 
associated with a QTL. Direction indicates the parental line whose allele 
contributes to an increase in trait value. 
% S.I. Length 
Trait Chromosome Interval LOD Variance (CM) Direction 
Grain yield 1 bnl562-umcl57 2.35 10.1 30.8 # B73 
1 bnl559-umc23 2.88 27.6 44.8 B73 
3 npi212-bnll297 6.90 16.8 18.7 B73 
4 umc42-umcl9 4.67 16.9 17.8 # 373 
5 umc51-umcl04 4.03 30.6 86.9 # B73 
8 umcl03-bnll039 2.81 10.7 36.3 B52 
9 umcl53-umcll4 5.04 13.1 4.4 B52 
10 umc64-npi232 6.69 16.3 19.9 B52 
Grain moisture 1 umcl57-bnll206 5.21 23.5 52.8 B52 
3 bnll297-umc96 2.99 11.0 39 # B73 
Root lodging 1 bnll206-umc57 2.28 9.0 35.9 # B73 
1 umcl28-isu6 2.63 11.0 61.2 B52 
5 umc51-umcl04 4.10 32.7 86.9 B73 
6 pll-umc21 2.70 7.3 9.7 # B52 
Stalk lodging 4 umc42-umcl9 3.05 10.2 17.8 # B73 
9 umcl53-umcll4 6.38 15.2 4.4 B52 
Dropped ears 5 umc51-umcl04 2.48 14.6 86.9 # B52 
6 umc46-bnl547 2.89 9.4 15.7 B52 
Ear height 1 umcl57-bnll206 2.56 9.3 52.8 B52 
4 umc42-umcl9 2.28 7.4 17.8 # B73 
5 umc90-bnl622 3.87 9.7 46.6 B52 
6 bnl547-npi280 2.55 12.8 38.4 # B52 
7 umc59-umc35 2.34 10.4 28.8 B52 
8 umcl03-bnll039 2.72 6.8 36.3 B73 
9 umcl53-umcll4 4.75 11.5 4.4 B52 
10 umc64-npi232 3.40 8.5 19.9 B52 
Plant height 1 umcl57-bnll206 2.68 13.3 52.8 B52 
3 umcl75-bnl537 2.88 9.3 23.7 B73 
GDDS 
2ECB tunneling 
4 umc42-umcl9 2.80 8.9 17.8 # B73 
5 uinc90-bnl622 5.49 13.4 46.6 B52 
8 umcl03-bnll039 2.42 8.0 36.3 B73 
9 bnl504-umcl53 5.30 13.3 12.9 B52 
10 npil05-npi303 3.53 16.6 29.2 # B52 
1 umcl57-bnll206 4.84 26.6 52.8 B52 
2 piol012-umc55 2.56 6.8 10.8 B73 
5 uinc51-umcl04 3.80 40.7 86.9 # B52 
1 uincl57-bnll206 3.87 17.0 52.8 B73 
5 bnll006-bnll012 3.02 7.4 42.4 B52 
5 umc51-uincl04 2.81 7.7 86.9 # B52 
9 uitic95-isu3 4.01 15.9 34.3 # B52 
1 umcl28-isu6 2.88 23.2 61.2 # B52 
5 uinc54-umc51 2.90 8.0 10.7 B73 
6 umc65-pll 2.70 9.0 18.8 B73 
# Support interval goes off the end of the linkage group. 
m 
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generally lower. In spite of this, significant log-likelihood peaks were 
identified in all three experiments in regions on chromosomes 1 (peaks 
separated by a total of 10 cM), 3 (10 cM), and 9 (2 cM) (Figure 4). 
Additionally, both testcross evaluations identified peaks in regions on 
chromosomes 4 (2 cM), 5 (8 cM), 8 (2 cM), and 10 (2 cM). Alleles from B73 
were responsible for increases in grain yield for all of the putative QTL 
listed above, except for those on 9 and 10, where B52 contributed the 
favorable alleles. 
Significant log-likelihood peaks for grain moisture were identified 
in all experiments in a region on chromsome 1 (peaks separated by a total 
of 14 cM) and in both testcross experiments in a region on chromosome 3 (4 
cM) (Figure 5). Alleles contributing to lower grain moisture were from B73 
on chromosome 1 and from B52 on chromsome 3. Significant peaks for root 
lodging were identified in all experiments in a region on chromosome 1 (26 
cM) and in testcross experiments in a region on chromosome 6 (4 cM) (Figure 
6). In both cases, B73 alleles contributed to reduced root lodging. 
Significant log-likelihood peaks for ear height were identified in 
all experiments in regions on chromosome 1 (8 cM), 7 (37 cM), and 9 (6 cM) 
(Figure 7). Additionally, chromosomes 4, 5, and 8, had regions containing 
peaks for ear height identified in both testcross experiments. Significant 
peaks for plant height were identified in all experiments in regions on 
chromsomes 9 (8 cM) and 10 (22 cM) and in both testcross experiments on 
chromosomes 4 (20 cM) and 5 (26 cM) (Figure 8). In general, the positions 
of peaks identified for ear and plant height corresponded closely. B52 
alleles contributed to greater height (both ear and plant) for all of the 
putative QTL identified above except for the one located on chromosome 4, 
where B73 alleles resulted in greater ear and plant height. 
Significant log-likelihood peaks for GDDS were identified in all 
experiments in a region on chromosome 1 (50 cM) and in testcross 
experiments in regions on chromsomes 2 (10 cM) and 5 (4 cM) (Figure 9). 
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Estimated QTL positions for grain yield, based on log—likelihood peaks exceeding 2.2; 
support intervals (represented by vertical bars extending from diamond-shaped peak symbols) 
indicate a one unit decrease in log-likelihood 
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Figure 5. 
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Estimated QTL positions for grain moisture, based on log-likelihood peaks exceeding 2.2; 
support intervals (represented by vertical bars extending from diamond-shaped peak symbols) 
indicate a one unit decrease in log-likelihood ^ ^ ' 
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Figure 6. 
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Estimated QTL positions for root lodging, based on log-likelihood peaks exceeding 2.2; 
support intervals (represented by vertical bars extending from diamond-shaped peak symbols) 
indicate a one unit decrease in log-likelihood ' 
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Estimated QTL positions for ear height, based on log-likelihood peaks exceeding 2.2; 
support intervals (represented by vertical bars extending from diamond-shaped peak symbols) 
indicate a one unit decrease in log-likelihood ^ ' 
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Estimated QTL positions for plant height, based on log-likelihood peaks exceeding 2.2; 
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Figure 9, Estimated QTL positions for GDDS, based on log-likelihood peaks exceeding 2.2; support 
intervals (represented by vertical bars extending from diamond-shaped peak symbols) 




Peaks for GDDP were identified in a region on chromosome 1 (56 cM) in all 
experiments and in testcross experiments on chromosome 9 (12 cM) (Figure 
10). Peaks on chromosome 1 mapped to similar regions for both 6DDS and 
GDDP, while peaks on chromosome 2 were unique to GDDS and peaks on 
chromosome were unique to GDDP. B52 alleles contributed to increased 
values for GDDS and GDDP (increased time to silk and pollen shed) for all 
of the putative QTL listed above except for the one located on chromsosome 
2, where B73 alleles increased GDDS. 
Stalk lodging, dropped ears, and 2ECB tunneling all had significant 
log-likelihood peaks (Tables 9, 10, and 11), however the LOD peaks for 
these traits were not graphed since they were generally not in common 
across experiments. 
Multiple-QTL Model 
When putative QTL identified by single-QTL analysis were fit to a 
multiple-QTL model, the number of sites meeting the criteria for inclusion, 
as described in the Materials and Methods section, was reduced to no more 
than six for any trait (Tables 12, 13, and 14). The biggest reduction in 
the number of QTL detected by single-QTL analysis to that included in a 
multiple-QTL model was for grain yield in Mol7 TC which was reduced from 19 
to 5. 
Grain yield in Mol7 TC evaluation was also the only trait where an 
exception was made from the systematic approach of fitting QTL. Single-QTL 
analysis indicated three putative QTL on chromosome 4. Subsequent analysis 
by environment, indicated that at least one, and possibly two of those QTL 
were spurious. Out of six environments evaluated, five identified a 
significant peak in interval umc42-umcl9, none identified a significant 
peak in interval bnl303b-umcl5, and one identified a significant peak in 
interval npi410-bnl823 (in addition to a peak in the umc42-umcl9 interval) 
(Gocken et al., 1993b). When considering the peaks in umc42-umcl9 and 
npi410-bnl823 jointly, the significant QTL site depended on the order with 
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Figure 10. Estimated QTL positions for GDDP, based on log-likelihood peaks exceeding 2.2; support 
intervals (represented by vertical bars extending from diamond-shaped peak symbols) 
indicate a one unit decrease in log-likelihood ' 
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Table 12. Multiple-QTL models from F3 line evaluation. Putative QTL fit in order of LOD score rank. 
Trait Chromosome Interval 
single-









Grain Yield 5 bnll012-umc54 3.99 1 
9 umcll4-umc95 3.80 2 1,2, 4.33 8.32 
3 npi212-bnll297 3.01 3 1,2,3, 2.41 10.73 
8 npi268-umc7 2.78 4 1,2,3,4* 2.77 13.50 37.2 
1 bnl559-umc23 2.36 5 1,2,3,4,5 1.37 ns 14.87 
Grain Moisture 1 umcl57-bnll206 6.47 1 32.8 
Root Lodging 1 umcl57-bnll206 6.47 1 
3 umc50-umcl75 3.73 1 
1 isu6-bnl829 2.88 2 1,2, 2.89 6.62 
9 umcll4-umc95 2.60 3 1,2,3,* 2.97 9.59 25.5 
Stalk Lodging 4 umc42-umcl9 4.31 1 
8 bnl908-npi2 68 3.79 2 1,2, 3.59 7.90 
5 umc51-umcl04 2.28 3 1,2,3,* 2.70 10.60 44.8 
Dropped Ears 3 umc50-umcl75 3.86 1 
5 umc51-umcl04 3.26 2 1,2, 1.68 ns 5.54 
8 bnll305-bnl911 2.69 3 1,3, 0.41 ns 4.27 
5 bnl622-bnl743 2.64 4 1,4,* 2.69 6.55 17.6 
Ear Height 9 umcll4-umc95 5.56 1 
7 bnl837-bnll407 4.44 2 1,2, 5.26 10.82 
1 umcl57-bnll206 3.97 3 1,2,3, 4.45 15.27 
3 umcl75-bnl537 3.72 4 1,2,3,4, 5.57 20.84 
2 umc98-umc22 3.02 5 1,2,3,4,5* 2.73 23.57 57.2 
Plant Height 9 umcll4-umc95 5.89 1 
3 umcl75-bnl537 4.72 2 1,2, 5-06 10.95 
1 umcl57-bnll206 4.54 3 1,2,3, 8.09 19.04 
2 umc98-umc22 2.51 4 1,2,3,4,* 3.13 22.17 66.5 
10 npil05-npi303 2.49 5 1,2,3,4,5 0.75 ns 22.92 
GDDS 1 bnl562-umcl57 3.01 1 30.8 
GDDP 3 umcl75-bnl537 2.68 1 
1 bnl562-umcl57 2.63 2 1,2, 3.08 5.76 
4 npi410-bnl823 2.35 3 1,2,3,* 2.50 8.26 30.5 
2ECB Tunneling 2 npi287-isu7 4.49 1 
1 bnl562-umcl57 3.16 2 1,2, 2.76 7.25 
3 umc50-umcl75 2.67 3 1,2,3,* 2.87 10.12 30.8 
® Rank based on single-QTL model LOD score. 
^ Putative QTL included in multiple model designated by rank number. 
" Increase in LOD score from model excluding the last putative QTL listed. 
Proportion of phenotypic variance associated with multiple-QTL model meeting conditions 
described below. 
ns Increase in LOD score < 2.2, indicating tem not used in subsequent model. 
* Model containing all putative QTL that resulted in a 2-2 or greater increase in LOD score when 
fit in order of rank. 
Table 13. Multiple-QTL models from Mol7 TC evaluation. Putative QTL fit in order of LOD score rank. 
single- mult.-QTL LOD mult.- mult.-QTL 






4 npi410-bnl823 8.86 1 omit# 
1 bnl559-umc23 7.53 2 
5 umc51-iimcl04 7.44 3 2,3 1.21 ns 8.74 
4 umc42-umcl9 6.72 4 2,4 2.92 10.45 
8 umcl03-bnll039 6.28 5 2,4,5 3.84 14.29 
3 npi212-bnll297 5.60 6 2,4,5,6 4.90 19.19 
9 umcl53-umcll4 5.15 7 2,4,5,6,7 1.14 ns 20.33 
10 umc64-npi232 4-93 8 2,4,5,6,8 1.70 ns 20.89 
4 bnl303b-umcl5 4.58 9 2,4,5,6,9 0.63 ns 19.82 
6 bnl547-npi280 4.05 10 2,4,5,6,10 0.44 ns 19.63 
8 npi268-umc7 3,81 11 2,4,5,6,11 1.37 ns 20.56 
1 umcl57-bnll206 3.57 12 2,4,5,6,12 1.11 ns 20.30 
7 umcll6-umcl25 3.16 13 2,4,5,6,13 0.04 ns 19.23 
2 umcl31-piol012 2.91 14 2,4,5,6,14 -0.28 ns 18.91 
8 bnll305-bnl911 2.73 15 2,4,5,6,15 0.39 ns 19.58 
2 umcl39-umc36 2.59 16 2,4,5,6,16 0.37 ns 19.56 
7 umc35-umcl68 2.44 17 2,4,5,6,17 0.96 ns 20.15 
1 bnl829-bnl632 2.39 18 2,4,5,6,18* 3.78 22.97 
5 bnl622-bnl743 2.32 19 2,4,5,6,18, 19 1.02 ns 23.99 
2 umc98-umc22 6.27 1 
1 umcl57-bnll206 5.17 2 1,2 7.69 13.96 
3 bnll297-umc96 3.50 3 1,2,3 4.12 18.08 
6 bnl547-npi280 2.43 4 1,2,3,4* 2.58 20.66 
6 umc21-bnl303a 3.42 1 
1 bnl559-umc23 2.90 2 1,2 3.03 6.45 
2 umc55-umc5 2.82 3 1,2,3 2.55 9.00 
1 umcl28-isu6 2-74 4 1,2,3,4* 2.38 11.38 
8 bnl908-npi268 3.92 1 
5 bnll006-bnll012 3.56 2 1,2 2.48 6.40 
3 bnl537-bnll520 3.42 3 1,2,3 2.59 8.99 
2 umc22-umcl39 2.70 4 1,2,3,4* 2.23 11.22 
5 bnl622-bnl743 5.61 1 
9 umcl53-umcll4 4.93 2 1,2 4.08 9.69 
5 umc51-umcl04 3.11 3 1,2,3 0.82 ns 10.51 









4 bnl303b-uincl5 2.95 5 1,2,4,5* 4.44 17.77 
8 bnll305-bnl911 2.85 6 1,2,4,5,6 1.23 ns 19.00 
8 umcl03-bnll039 2.78 7 1,2,4,5,7 1.15 ns 18.92 
7 bnll407-umc59 2.45 8 1,2,4,5,8 2.16 ns 19.93 
9 umcl53-umcll4 5.60 1 
4 bnl303b-umcl5 5.39 2 1 , 2  5.43 11.03 
5 umc51-umcl04 3.88 3 1,2,3 2.01 ns 13.04 
5 bnll006-bnll012 3.64 4 1,2,4* 3.58 14.61 
8 bnll305-bnl911 2.78 5 1,2,4,5 1.65 ns 16.26 
10 umc64-npi232 2.57 6 1,2,4,6 2-06 ns 16.67 
5 umc51-umcl04 5.53 1 
5 bnll012-umc54 5.51 2 1,2 2.37 7.90 
1 bnl562-umcl57 3.90 3 1,2,3 3.04 10.94 
2 umc55-umc5 3.38 4 1,2,3,4* 3.74 14.68 
10 umc64-npi232 2.95 5 1,2,3,4,5 1.62 ns 16.30 
2 umcl39-umc35 2.85 6 1,2,3,4,6 1.70 ns 16.38 
3 npi212-bnll297 2.39 7 1,2,3,4,7 0.74 ns 15.42 
1 bnl829-bnl632 2.25 8 1,2,3,4,8 0.38 ns 15.06 
5 bnll012-umc54 5.09 1 
1 bnl552-umcl57 4.88 2 1,2 5.03 10.12 
9 bnl504-umcl53 2.88 3 1,2,3* 3.04 13.16 
9 umc95-isu3 2.66 4 1,2,3,4 0.77 ns 13.93 
7 umc35-umcl68 4.46 1 
2 umc98-umc22 3.94 2 1,2 2.96 7,42 
10 npil05-npi303 3.36 3 1,2,3 3.02 10.49 
8 npi268-umc7 2.86 4 1,2,3,4 2.14 ns 12.63 






® Rank based on single-QTL model LOD score. 
^ Putative QTL included in multiple model designated by rank number. 
° Increase in LOD score from model excluding the last putative QTL listed. 
Proportion of variance associated with multiple-QTL model meeting conditions described below. 
# Omitted from model for reasons described in text. 
ns Increase in LOD score < 2.2, indicating term not used in subsequent model. 
* Model containing all putative QTL that resulted in a 2.2 or greater increase in LOD score when 
fit in order of rank. 
Table 14. Multiple-QTL models from Oh43 TC evaluation. Putative QTL fit in order of LOD score rank. 
Trait Chromosome Interval 
single-









Grain Yield 3 npi212-bnll297 6.90 1 
10 umc64-npi232 6.69 2 1,2 6.72 13.62 
9 umcl53-umcll4 5.04 3 1,2,3 2.85 16.47 
4 umc42-umcl9 4.67 4 1,2,3,4* 2.74 19.21 41.9 
5 umc51-umcl04 4.03 5 1,2,3,4,5 1.82 ns 21.03 
1 bnl559-umc23 2.88 6 1,2,3,4,6 0.22 ns 19.43 
8 umcl03-bnll039 2.81 7 1,2,3,4,7 0.84 ns 20.05 
1 bnl562-umcl57 2.35 8 1,2,3,4,8 1.75 ns 20.96 
Grain Moisture 1 umcl57-bnll206 5.21 1 
3 bnll297-umc96 2.99 2 1,2* 3.02 8.23 32.7 
Root Lodging 5 umc51-umcl04 4.10 1 
6 pll-umc21 2.70 2 1,2 3.65 7.75 
1 umcl28-isu6 2.63 3 1,2,3* 2.33 10.08 50.2 
1 bnll206-umc67 2.28 4 1,2,3,4 1.72 ns 11.80 
Stalk Lodging 9 umcl53-umcll4 6.38 2 
4 umc42-umcl9 3.05 1 1,2* 3.15 9.53 24.4 
Dropped Ears 5 umc51-umcl04 2.48 1 
6 umc46-bnl547 2-89 2 1,2* 3.18 5.66 23.9 
Ear Height 9 umcl53-umcll4 4.75 1 
5 umc90-bnl622 3.87 2 1,2 3.48 8.28 
10 umc64-npi232 3.40 3 1,2,3 2.68 10.96 
8 umcl03-bnll039 2.72 4 1,2,3,4 1.56 ns 12.52 
1 umcl57-bnll206 2.56 5 1,2,3,5 4.09 15.05 
6 bnl547-npi280 2.55 6 1,2,3,5,6 1.64 ns 16.69 
7 umc59-umc35 2.34 7 1,2,3,5,7 2.39 17.44 
4 umc42-umcl9 2.28 8 1,2,3,5,7,8* 2.32 19.76 48.5 
Plant Height 5 umc90-bnl622 5.49 1 
9 bnl504-umcl53 5.30 2 1,2 5.07 10.56 
10 npil05-npi303 3.53 3 1,2,3 3.59 14.15 
3 umcl75-bnl537 2.88 4 1,2,3,4 2.30 16.45 
4 umc42-umcl9 2.80 5 1,2,3,4,5 1.75 ns 18.20 
1 umcl57-bnll206 2.68 6 1,2,3,4,6* 4.83 21.28 56.2 
8 umcl03-bnll039 2.42 7 1,2,3,4,6,7 1.43 ns 22.71 
GDDS 1 umcl57-bnll206 4.84 1 
5 umc51-umcl04 3.80 2 1,2* 2-83 7.67 50.8 
2 piol012-umc55 2.56 3 1,2,3 2.02 ns 9.69 
GDDP 9 umc95-isu3 4.01 1 
1 umcl57-bnll206 3,87 2 1,2* 4.55 8.56 33.2 
5 bnll006-bnll012 3.02 3 1,2,3 2.07 ns 10.63 
5 umc51-umcl04 2.81 4 1,2,4 1.96 ns 10.52 
2ECB Tunneling 5 umc54-umc51 2.90 1 
1 umcl28-isu6 2.88 2 1,2 2.01 ns 4.91 




® Rank based on single-QTL model LOD score. 
^ Putative QTL included in multiple model designated by rank number. 
° Increase in LOD score from model excluding the last putative QTL listed. 
Proportion of phenotypic variance associated with multiple-QTL model meeting conditions 
described below. 
ns Increase in LOD score < 2.2, indicating term not used in subsequent model. 
* Model containing all putative QTL that resulted in a 2.2 or greater increase in LOD score when 
fit in order of rank. 
which they were fit (i.e., neither QTL accounted for significant variation 
when variation associated with the other was accounted for first). Thus, 
it seems likely that the three peaks observed in this region were due to 
local fluctuations in LOD score associated with a single QTL, most likely 
in the umc42-umcl9 interval. A significant peak in this interval 
identified by Oh43 TC evaluation supports this hypothesis. Therefore, when 
a multiple-QTL model for the entire genome was calculated, the npi410-
bnl823 site was not considered. The total variance of the model omitting 
the npi410-bnl823 site was substantially higher than when npi410-bnl823 was 
considered (65.4 versus 53.2). 
The proportion of phenotypic variance explained by multiple-QTL 
models was greater in both TC evaluations than in F3 line evaluation for 
grain yield, root lodging, GDDS, and GDDP. The proportion of variance 
explained was greater in F3 line evaluation than either TC evaluation for 
stalk lodging, ear height, and plant height. Mol7 TC evaluation accounted 




Analysis of Field Data 
The genotypic portion of the observed phenotypic variation was fairly 
high for most traits, as measured by their heritability. Exceptions 
included the three traits measured on plants at harvests root lodging, 
stalk lodging and dropped ears. Low heritabilities for these traits were 
probably due to low incidences at most locations and considerable 
environmental variability at locations where incidences were high. 
Likewise, low heritability estimates for GDDS and GDDP in F3 lines were due 
to high environmental variation (as measured by as well as high 
genetype by environment interaction variation (a^gg). 
Low heritability estimates for 2ECB tunneling in testcross 
evaluations were probably related to low levels of infestation and/or 
feeding by ECB larvae, as evidenced by low tunnel length means. Estimates 
of tunnel length mean and heritability were considerably higher in the F3 
line evaluation than in either testcross evaluation (Tables 1, 3, 4, and 
5). The 182 (B52 x B73)-F3 lines evaluated in this study were a subset of 
300 F3 lines evaluated for 2ECB tunneling in two environments in a previous 
study (Schon et al., 1992). In that study, mean tunneling length was 
estimated at 50.07 cm versus 37.17 cm in our study. Likewise, heritability 
estimated by Schon et al. was 0.63 versus 0.57 in our study. 
Analysis of Marker Data 
While the overall genomic composition was fairly equally represented 
by the two parents (mean proportion of genome from B52 = 0.49), deviations 
from expected allelic frequencies often seemed to be associated with 
specific chromosomal regions. This condition may help to explain the many 
observed aberrant segregation ratios. If linked markers are biased toward 
the same parent, they may be linked to a locus contributing to fitness. 
For example. Figure 3 shows that B73 contributed a higher proportion of 
alleles to regions on chromosomes 1 and 7 while B52 contributed a higher 
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proportion to a region on chromosome 4. Heterozygous genotypes were also 
higher than expected in 13 of the 18 aberrant marker loci. One possible 
cause for this condition could be linkage to fitness-related loci 
possessing genes acting with some level of dominance. 
QTL Analysis 
Single-QTL Model 
The implication of log-likelihood peaks mapping to similar regions 
across experiments is that they identify the same QTL. Based on the 
proximity of peaks, the two testcross experiments identified QTL in common 
with each other more often than with the Fg line evaluation. Furthermore, 
the number of QTL identified in both testcross experiments was higher for 
many traits than that identified in the Fg line experiment (Tables 9, 10, 
and 11). This suggests that in maize, testcross progeny evaluation may be 
more successful in identifying QTL than Fg line evaluation, especially for 
certain traits, such as grain yield. The underlying cause for differences 
in the ability to detect QTL is that the phenotypic evaluation of Fg line 
and testcross progeny provide different measurements of genetic effects. 
Based on the unconstrained model used in this study, QTL effects determined 
using Fg line phenotypic data are due to additive effects and within 
population dominance effects while QTL effects determined using testcross 
phenotypic data are due to differences in dominance expression between the 
parental alleles in combination with tester alleles (Cowen, 1988). The 
genetic interpretation of Fg line versus testcross evaluation will be 
discussed more completely in a subsequent paper (Gocken et al., 1993a). 
The identification of what often appears to be the same QTL for ear 
and plant height is consistent with the large correlations between these 
traits (Tables 7 and 8). However, all three experiments detected a QTL for 
ear height present on chromosome 7, that did not contribute significantly 
to plant height. Likewise, QTL in common to GDDS and GDDP, most notably on 
chromosome 1, probably account for the high correlations observed between 
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these traits, although testcross evaluations revealed a QTL on chromosome 2 
unique to GDDS and a QTL on chromosome 9 unique to GDDP. 
Although the QTL identified for 2KCB were not consistent across 
experiments, it is worthwhile to compare the results of the F3 line 
evaluation conducted in this study with those from the previous evaluation 
of F3 lines from this population conducted by Schon et al. (1992). The 
three QTL identified in the F3 line evaluation in our study mapped to 
similar regions as three of the seven QTL previously identified (in the 
same interval in two cases, and an adjacent interval in the third case). 
Interestingly, effects associated with these three QTL, as estimated by 
Schon et al., were relatively weak (LOD values < 2.6) compared to others 
that they identified (LOD values < 9.1). Perhaps our evaluation failed to 
detect these other loci due to differences in environmental conditions. 
Multiple-QTL Model 
Simultaneous consideration of QTL indicated that sites that were 
significant when considered individually were often not independent of one 
another. This was most apparent for traits where many significant regions 
were initially identified by a single-QTL model, such as grain yield in TC 
evaluation (Tables 12, 13, and 14). 
Putative QTL that were identified in the same region across all 
progeny types using single-QTL analysis were often included in their 
respective multiple models, but not always. The exclusion of some of these 
QTL from multiple-QTL models may have been partially due to the method of 
model development or the level with which the threshold was set. In some 
instances, the LOD scores associated with a site were only slightly over 
the threshold in the single-QTL case and slightly under the threshold in 
the multiple-QTL case. 
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PAPER II. GENETIC INTERPRETATION OF QTL EFFECTS IDENTIFIED 
IN F3 LINE AND TESTCROSS PROGENY 
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ABSTRACT 
Because different progeny types provide different measures of 
performance, progeny choice is expected to affect QTL detection. The 
objectives of this study were: (1) to predict the relative effectiveness 
of QTL detection in F3 and testcross (TC) progenies, given different 
genetic situations; and (2) to genetically interpret results observed in an 
empirical evaluation of F3 and TC progenies. 
Descriptions of genetic effects are presented that elaborate on 
previous models for F3 and TC progenies (Cowen, 1988). The theoretical 
effectiveness of progeny types to identify a particular QTL are compared on 
the basis of expectations of variances among progenies that are 
attributable to the QTL. When gene action at a QTL is additive, F3 lines 
are expected to be more effective in detecting that locus than TC 
progenies, regardless of the tester that is used. TC evaluation will be 
most effective when the the tester allele expresses a high level of 
dominance with the favorable population allele relative to dominance of the 
tester allele with the unfavorable population allele. 
Genetic effects associated with QTL identified in F3 and TC families, 
derived from a B52 X B73 cross, were estimated for several traits. When 
using single-QTL analysis, estimates of degree of dominance values (d/a) 
were in the overdominance range in 52% of QTL identified in F3 line 
evaluation. The proportion of QTL expressing overdominance when using 
multiple-QTL analysis was reduced to 38%. Deviation effects of 
heterozygous-derived TC progeny classes from the midpoint of the 
homozygous-derived classes were often substantial even though they are 
expected to be zero. Given the directional nature of deviation effects 
within traits, one contributor to deviation effects may have been natural 




Associations between genotypes of molecular marker loci and 
phenotypic performance can be used to identify quantitative trait loci 
(QTL). In many crop species, various progeny types can be easily generated 
for evaluation in replicated trials, providing an effective method of 
phenotypic evaluation. The choice of progeny depends, in part, on the 
genetic effects of interest. In hybrid crops, such as maize, testcross 
performance is of particular importance since it provides a measure of 
hybrid performance or combining ability (Hallauer and Miranda, 1981). QTL 
analysis of testcross progenies, detects loci on the basis of differences 
between population alleles in combination with tester alleles. Another 
progeny type, F3 lines, detects loci on the basis of additive and dominance 
effects within the population (Cowen, 1988). While the genetic effects 
associated with QTL identified by using F3 lines and various testcross 
progenies have been described (Cowen, 1988; Knapp et al., 1990), no direct 
comparison of their effectiveness has been made, either experimentally or 
theoretically. 
The first objective of this paper was to develop genetic models that 
allow a theoretical comparison of QTL detection between F3 line and TC 
progeny under different types of gene expression. The second objective was 
to genetically interpret observed results from a QTL mapping experiment of 
an Fg-derived maized population, evaluated as F3 lines and testcross (TC) 
progenies. 
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MATERIALS AND METHODS 
Genetic Materials and Field Evaluation 
An F2 population was generated from a cross between the maize inbred 
lines, B73 and B52. The two lines were chosen because they are 
phenotypically dissimilar and expected to possess different alleles at a 
large proportion of their loci. B73 was selected out of cycle 5 of the 
Iowa Stiff Stalk Synthetic (BSSS) (Russell, 1972) and has been widely used 
commercially, both directly and in recycled forms (Darrah and Zuber, 1985). 
B52 was selected out of segregating material of unknown origin (Russell et 
al., 1971) but has an RFLP profile that bears resemblance to Lancaster-
derived inbred lines, particularly Oh43 (Lee et al., 1989). 852 has 
generally poor agronomic characteristics but a high level of resistance to 
second generation European corn borer. Fg lines, generated by self-
pollination of F2 plants, were grown as rows and crossed by hand-
pollination with the elite inbred line testers, Mol7 and Oh43. Equal 
quantities of testcross (TC) seed was bulked from no fewer than five ears 
to form TC families. Fg seed for testing was also increased by sib-mating 
plants within rows and bulking seed within rows. 
One hundred eighty-two Fg lines and their corresponding Mol7 and Oh43 
TC families were evaluated in 1990 and 1991 at Ames, Ankeny, and 
Martinsburg, Iowa. The three progeny types were evaluated in separate 14 x 
14 simple lattices at each environment. Inbred lines and single crosses 
were included as checks for the Fg and TC experiments, respectively, for a 
total of 196 entries per experiment. Data were collected from two-row 
plots for machine-harvested grain yield, grain moisture, and root lodging 
in all six environments; stalk lodging, dropped ears, ear height, and plant 
height in all environments except Ankeny, 1991; and growing degree days 
(Shaw, 1988) from planting to silk emergence (GDDS) and anthesis (GDDP) in 
Ames, 1990 and 1991. Resistance to second generation European corn borer 
(2ECB) was based on stalk tunneling of corn borer larvae, evaluated 
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separately in hill-plots. 2ECB tunneling was measured on TC progenies in 
Ames, 1990 and 1991, and on Fg lines in Ames, 1991 only. Data collection 
procedures were described in greater detail previously (Gocken et al., 
1993). 
Linkage Map Development and QTL Analysis 
RFLP genotypes of Fg individuals were determined by sampling 
greenhouse-grown Fg-derived F3 plants. DMA was isolated from leaf tissue 
bulked from ten F3 plants. Restriction fragments, generated by single 
digests of EcoRI, EcoRV, and Hindlll, were electrophoresed and 
polymorphisms detected by radio-labelled DNA probes, using standard 
procedures (Helentjaris, 1985), Eighty-seven polymorphisms were identified 
from eighty-five single-copy and one two-copy probes. 
An RFLP linkage map was constructed using the computer program, 
Mapmaker (Lincoln et al., 1990). Linkage groups were determined by maximum 
likelihood based on two-point log-likelihood comparisons. Two-, three, and 
multipoint comparisons were used to determine linear order and genetic 
distances of marker loci within linkage groups. Putative QTL were mapped 
by the maximum likelihood method, interval mapping, as described by Lander 
and Botstein (1989). Log-likelihood values (LOD scores) were calculated 
for each 2 cM increment along the entire linkage map, using the computer 
program, Mapmaker/QTL (Lincoln and Lander, 1990). A single-QTL model was 
used, which assumes that phenotype can be explained by (1) the effect of a 
single QTL located at the position being evaluated and (2) normally 
distributed environmental variation and genetic variation not controlled by 
the QTL (Lincoln et al., 1990; Knapp and Bridges, 1990). Based on the 
sparse-map case, described by Lander and Botstein (1989), a log-likelihood 
significance threshold was set at 2.2. This threshold was equivalent to 
setting a = 0.05, where a is the probability of declaring the presence of a 
QTL somewhere in the genome when none are segregating. Locations of QTL 
were estimated at the maxima of regions exceeding the LOD threshold. 
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Adjacent maxima were considered evidence of separate QTL when there was at 
least a two unit decrease in log-likelihood between them. 
Genetic Models 
Genetic effects associated with different progeny types have been 
described using individual marker models (Cowen, 1988; Seller and Beckman, 
1990). In these models, genetic effects associated with QTL are estimated 
on the basis of differences in marker-genotypic class means. Since 
expectations of marker class means are functions, not only of QTL genotypic 
class means, but recombination between marker locus-QTL pairs, genetic 
effects are underestimated as recombination increases (Lander and Botstein, 
1989; Knapp et al., 1990). Interval mapping, proposed by Lander and 
Botstein (1989), uses information from flanking markers to estimate QTL 
genotypes. Estimated QTL genotypic means, rather than marker genotypic 
means, are then used as independent variables to estimate genetic effects 
(Knapp and Bridges, 1990). Mapmaker/QTL is a computer program designed to 
facilitate interval mapping in F2 and backcross populations (Lincoln and 
Lander, 1990). For analysis of an Fg population, using an unconstrained 
genetic model, Mapmaker/QTL partitions the effect of each putative QTL into 
additive and dominance components, based on standard procedures outlined 
below. 
The F2, F a line, and TC progeny models described here all assume no 
epistatic interaction with linked loci. F2 individuals are assumed to be a 
random sample of the population and F3 and TC progenies are assumed to be 
composed of a random sample of individuals for their respective progeny 
types. Selection is assumed absent at all stages of progeny development. 
F2 Genetic Model 
The phenotypic response of each F2 individual for a particular locus 
can be described in terms of the following genetic and nongenetic 
components : 
Yl = Mblbl + k|a + h|d + e ; 
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where; 
yi = observed phenotypic value of individual i; 
A'blbl ~ the mean of individuals homozygous for the bl allele; 
kj = the number of b2 alleles that individual i posesses; 
a = additive effect of the b2 allele; 
h] = 0 if individual i is homozygous {blbl or b2b2) and 1 if i is 
heterozygous (blb2); 
d = dominance effect of the blb2 heterozygote; and 
e = variation not accounted for by the locus. 
Estimates of a and d are determined by solving the equations describing the 
genotypic class means; 
blblfPg) = /^blbl + ® '• 
blb2{F2) = /ibibi + a + d + e ; and 
b2b2(F2) = A'blbl + 2a + e . 
Thus the estimate of the additive effect for a putative QTL at a particular 
site is defined as one-half the difference between the estimated homozygous 
classes at that site; 
0.5[b2b2(F2) - blblfFg)] = a ; [eg. 1] 
and the estimate of dominance effect is defined as the difference between 
the estimated heterozygous class and the mean of the estimated homozygous 
classes at that particular site: 
blb2(F2) - 0.5[blbl(F2) + b2b2(F2)] = d . 
F a Line Genetic Model 
Since we evaluated Fgi-derived F3 and TC progenies, different 
interpretations are required of the estimates reported by Mapmaker/QTL for 
the F2 case. In the case of F3 lines, lines derived from homozygous 
individuals are composed entirely of homozygous individuals and lines 
derived from heterozygous individuals are composed of, on average, 0.25 
blbl : 0.5 blb2 : 0.25 b2b2 genotypes. Therefore, equations to describe F3 
75 
lines derived from the three genotypic classes in the Fg are: 
blbl(F3) = Mblbl + e ; 
blb2(F3) = /^blbl + a + O.Sd + e ; and 
b2b2(F3) = /ibibi + 2a + e ; 
and genetic effects: 
0.5[b2b2{F3) - blbl{F3)] = a ; and 
2blb2(F3) - blbl(F3) - b2b2(F3) = d . 
Thus the value provided by Mapmaker/QTL for additive effects in Fg 
individuals is also appropriate for F3 lines but the value provided for 
dominance in F2 individuals should be multiplied by two when applied to F3 
lines. 
F3 Line X Inbred Tester Genetic Model 
In the same way that evaluation of Fg individuals or F3 lines permits 
dissection of QTL effects into main (additive) and deviation (dominance) 
effects, QTL detected by TC evaluation can also be described in terms of 
main and deviation effects, although with different genetic 
interpretations. To address the nature of TC main effects, first consider 
the mean of an inbred tester (with allele b3 at locus B) expressed in terms 
of the blbl parent of the F2 population: 
Mb3b3 = /'blbl + 2ab3(t,i) + e ; 
and the genotypic value of blbl-derived TC progeny, expressed in terms of 
the blbl parent; 
blbl(TC) = /ibibi + ab3(b1) + «^blbS + e ; 
where the a^sibi) is the additive effect of the b3 allele relative to the bl 
allele and dj^iba is the dominance deviation of the blb3 allelic pair. 
Alternatively, the tester can be expressed in terms of the b2b2 parent: 
MbSbS = f'tolbi + 2ab3(b2) + ® ' 
and the genotypic value of b2b2-derived TC progeny; 
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b2b2(TC) = /i^zbZ + ®b3(b2) + *^b2b3 + ® • 
Therefore, 
/ibibi + 2a|,3(bi) + e = fibzbz + 28^31^2) + ® 
/^b2b2 ~ /^blbl " - 28^,3,(32) • [eg. 2] 
The difference between the testcross progeny of the two homozygous classes 
can then be expressed as; 
b2b2(TC) - blbl(TC) = /it)2b2 + ®b3(b2) + '^b2b3 ® ~ /^blbl ~ ®b3(bl) ~ (^b1b3 ~ ® 
= 2aj,3(bi) - 2ai33(b2) + %3(b2) ~ ®b3(b1) + '^b2b3 ~ <^blb3 
= ®b3{b1) " %3(b2) •*• '^b2b3 ~ '^b1b3 * teg- 3] 
Since ab3(bi) can be also expressed -a^Kbs) and -8^3(^2) as a^gd^s)' the 
difference above can be rewritten as: 
b2b2(TC) - blbl(TC) = {a|,2(b3) + db2b3) ~ (abi(b3) + ^b1b3) ' 
thus emphasizing that the difference in the homozygous-derived TC progeny 
means is simply the difference in genotypic values between the two parental 
alleles in combination with the tester allele. This difference will be 
referred to as the main effect. 
When the tester allele (b3) is equal to one of the parental alleles 
(bl or b2), the main effect can be expressed in a simpler 2-allele model. 
To illustrate, equation 1 can be rewritten as; 
0.5(/ib2b2 ~ /^blbl) = ®b2(b1) ' 
and equation 2 as: 
0-5(/ib2b2 ~ /^b1bl) = %3(b1) ~ ^b3(b2) ' 
By substitution, equation 3 is equivalent to: 
b2b2(TC) - blbl(TC) = ab2(b1) + '^b2b3 ~ ^blb3 • 
When b3 = bl; d^ibs = 0, d^g^s = <^b1b2 ' and the main effect reduces to; 
b2b2(TC) - blbl(TC) = ab2(b1) + dbib2 • 
Likewise, when b3 = b2: 
b2b2(TC) - blbl(TC) = ab2(bi) - d^ibs • 
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The expected genotypic frequencies of testcross progeny of 
heterozygous Fg individuals (or their P3 progeny) is 0.5blb3 : 0.5b2b3. 
The expected mean is then; 
blb2{TC) = 0.5blbl(TC) + 0.5b2b2{TC) 
= + ®b3(b1) + <3b1b3 + e) + 
0-5(/ib2b2 + ®b3(b2) + "^bZbS + ®) ' 
and the expected difference between the blb2-derived TC mean and the 
combined mean of the blbl- and b2b2-derived TC progeny classes is: 
blb2(TC) - 0.5[blbl(TC) + b2b2(TC)] = 0 . 
This difference will be referred to as the deviation effect. 
QTL were initially identified in TC progeny using a free or 
unconstrained genetic model. An unconstrained model considers both the 
main effect of homozygous-derived TC progeny and the deviation effect of 
the heterozygous-derived class. Putative QTL that were significant using 
an unconstrained model were then analyzed with a constrained model, where 
the deviation of the blb2-derived class mean from the combined mean of blbl 
and b2b2-derived families was fixed at its expected value of zero. 
Comparison of Effectiveness of Progeny Types 
The relative effectiveness of progeny types in detecting a QTL can be 
determined by comparing the variances due to segregation at the QTL that 
are expressed among progenies. The expected variances among F3 and TC 
progenies given different types of gene action can be calculated using the 
genetic models described above. Consider a hypothetical example using F3 
lines and two testcrosses, all derived from the same F2 population. Assume 
that the two testcrosses, TCI and TC2, were formed using testers that were 
homozygous at QTL b for the unfavorable parental allele (bl) and the 
favorable parental allele (b2), respectively. Expectations of genotypic 
class means for degree of dominance values ranging from zero to two were 
calculated for each progeny type using above formulas, setting a(j2(bi) = 1 
(Figure 1). Variances among progenies were calculated using expected 
Fg individuals F3 lines tester = b1 tester = b2 
a 
%%% 
\\\ ®o- ®c>- V 
CD 
w% ®e^  %-
Genotypic class 
Figure 1. Expectations of QTL b genotypic class means expressed in Fg individuals and their F3 and 
testcross progenies 
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genotypic class means for QTL b, weighted by their expected frequencies 
(Figure 2). The expectations of TCI and TC2 variances are in agreement 
with those described by Rawlings and Thompson (1962), for the testcross 
situations where the frequency of the favorable allele is zero or one, 
respectively. 
When gene action at locus b is additive (degree of dominance =0), F3 
line variance is expected to be higher than the variance expressed in 
either testcross population. Both testcross populations (or any other F3 
line X inbred testcross population) are expected to have equal variances. 
For complete dominance, TCI variance is expected to be near that of F3 line 
variance and TC2 variance is expected to be zero. TCI variance is expected 
to surpass that F3 line variance in the overdominance range (at degree of 
dominance = 1.2). 
To extend the two-allele case described above to the three-allele 
situation, consider two further situations: (1) where the tester is 
homozygous at locus b for an allele that is inferior to both parental 
alleles (a(j^j|j3) and a|j2(b3) are both positive at all loci), and (2) where the 
tester is homozygous for an allele that is superior to both parental 
alleles (a|^^||,3, and a^gibs) ^re both negative at all loci). In both 
situations, assume any dominance is in the direction of the favorable 
allele (positive). Expectations of variance among TC progenies for the 
two-allele case (n = 0 and -1 in Figures 3 and 4, respectively) are 
maintained for the three-allele case, provided the degree of dominance 
(d/a) is equal for the tester allele in combination with alternative 
population alleles (curves 1 and 2, Figures 3 and 4). However, the 
variance among progenies due to the QTL is increased in either situation 
when the degree of dominance is greatest between the tester allele and the 



















3b2(b1) = 1 
^b2(b3) =1 + 1 
n 
curve 1 ; - 0.5|ai)i(5g)|; = 0*5|ab2(b3)l 
curve 2: d^^^a - 0.75|a|ji(ijg)|î djjjba - 0-75|a|j2jijg)| 
•— curve 3: d^ba = 0.5|abi(b3)l: dbzba = 0.75|ab2(b3)| 
—- curve 4: dbiba = 0.75|abi(b3)li ^b2b3 " 0'5|8b2(b3)l 
Figure 3. Expectations of QTL b variances expressed among testcross 
progenies using an unrelated tester that is homozygous for an 












-5 -4 -3 -2 -1 
n 
curve 1: = 0.5|a(ji|b3)|! = 0-5|3b2(b3)l 
—• curve 2: dbibs = 0.75|abi(b3)l: dtzbs = 0.75|ab2(b3)l 
curve 3: dbibs = 0'5|abi(b3)l' ^bzbs ° 0-7®|3bz(b3)l 
curve 4; dbibs - 0'75|abi(b3)li ^b2b3 ~ 0'5|ab2(b3)l 
Figure 4. Expectations of QTL b variances expressed among testcross 
progenies using an unrelated tester that is homozygous for an 
allele (b3) that is superior to either parental allele (bl 
and b2) 
ab2(bi) = 1 
abi(b3) = n 
3b2(b3) = n + 1 
"vmpiTir.'-y •_—-Lr.-T.\=.\-a>n 
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RESULTS AND DISCUSSION 
F3 Line Evaluation 
Estimates of additive (a) and dominance (d) effects and degree of 
dominance (d/a) were calculated for putative QTL identified by F3 line 
evaluation (Table 1). A positive additive effect indicates that a B73 
allele increased the magnitude of the trait, while a negative additive 
effect indicates that a B52 allele increased the magnitude. The sign of 
the dominance effect indicates the direction of the deviation of the 
heterozygous-derived line from the midpoint of the homozygous-derived 
lines. Degree of dominance values were categorized by mode of gene action, 
using boundaries set by Stuber et al. (1987) where values ranging from 0 to 
0.2 were considered additive; > 0.2 to 0.8, partial dominance; > 0.8 to 
1.2, complete dominance; > 1.2, overdominance. As noted by Stuber et al. 
(1987), these boundaries are defined for the sake of comparison but should 
not be considered sharply defined cutoffs. No consistency was observed 
regarding type of gene action associated with particular traits as gene 
action ranged from additive or partial dominance to overdominance for all 
traits with more than one QTL. 
Fifty-two percent (17 of 33) of the total QTL identified in the F3 
line study expressed apparent overdominance, with many d/a values exceeding 
2.0. In contrast, Hallauer and Miranda (1981) reviewed several biometrical 
studies on yield and other agronomic traits in maize and found that the 
average level of dominance across all loci was usually in the partial 
dominance range. Authors of other QTL studies (Edwards et al., 1987; Abler 
et al., 1991) have attributed high proportions of apparent overdominance 
to pseudo-overdominance resulting from gametic phase disequilibrium (Moll 
et al., 1963). If the two QTL have no markers lying in between them, they 
will not be distinguishable as separate loci. If favorable alleles at the 
loci are in repulsion phase linkage and express some level of dominance, 
the genotypic mean of lines heterozygous for this region may exceed that of 
Table 1. Genetic effects associated with QTL identified by F3 line evaluation, using an 
single-QTL, unconstrained genetic model. 
Additive Dominance Degree of Gene 
Trait Chromosome Interval LOD effect effect dominance action^ 
Grain Yield 1 bnl559-umc23 2.36 0.22 0.88 3.94 od 
3 npi212-bnll297 3.01 0.29 0.47 1.62 od 
5 bnllG12-umc54 3.99 0.29 0.66 2.29 od 
8 npi268-umc7 2.78 0.14 0.91 6.68 od 
9 umcll4-umc95 3.80 -0.28 0.21 -0.73 pd 
Grain Moisture 1 umcl57-bnll206 6.47 -13.98 1 CD
 
M
 0.58 pd 
Root Lodging 1 isu5-bnl829 2.88 -2.04 2.79 -1.37 od 
3 umc50-umcl75 3.73 1.88 5.03 2.68 od 
9 umcll4-umc95 2.60 -2.05 0.12 —0.06 a 
Stalk Lodging 4 umc42-umcl9 4.31 1.70 -2.23 -1.31 od 
5 umc51-umcl04 2.28 -1.60 -3.24 2.02 od 
8 bnl908-npi268 3.79 1.49 -1.31 -0.88 d 
Dropped Ears 3 umc50-umcl75 3.86 0.25 0.22 0.90 d 
5 bnl622-bnl743 2.64 0.22 0.07 0.30 pd 
5 umc51-umcl04 3.26 -0.50 -1.18 2.37 od 
8 bnll305-bnl911 2.69 -0.20 0.05 -0.26 pd 
Ear Height 1 umcl57-bnll206 3.97 -5.48 -2.99 0.55 pd 
2 umc98-umc22 3.02 2.77 10.17 3.67 od 
3 umcl75-bnl537 3.72 4.53 2.30 0.51 pd 
7 bnl837-bnll407 4.44 -2.69 8.12 -3.02 od 
9 umcll4-umc95 5.56 -4.85 0.64 -0.13 a 
Plant Height 1 umcl57-bnll206 0.53 2.15 7.22 3.36 od 
2 umc98-umc22 2.51 4.80 7.21 1.50 od 
3 umcl75-bnl537 4.72 6.93 1.18 0.17 a 
9 umcll4-umc95 5.89 -6.69 -2.45 0.37 pd 
10 npil05-npi303 2.49 -2.88 13.99 -4.86 od 
GDDS 1 bnl562-umcl57 3.01 -5.43 19.83 -3.65 od 
GDDP 1 bnl562-umcl57 2.63 -4.77 21.57 -4.52 od 
3 umcl75-bnl537 2.68 8.31 5.76 0.69 pd 
4 npi410-bnl823 2.35 10.1 -0.88 -0.09 a 
2ECB Tunneling 1 bnl562-umcl57 3.16 3.97 10.81 2.72 od 
2 npi287-isu7 4.49 6.20 -4.13 -0.67 pd 
3 umc50-umcl75 2.67 4.23 -2.72 —0.64 pd 
® Mode of gene action based on boundaries imposed on degree of dominance values where; 0 to 0.2 
additive (a); > 0.2 to 0.8 = partial dominance (pd); > 0.8 to 1.2 = complete dominance (d); and 
> 1.2 = overdominance (od) (Stuber et al., 1987). 
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either homozygous line. Because pseudo-overdominance is a function of 
linkage disequilibrium, it will be greatest in the Fg generation and 
diminished with each subsequent generation as the result of meiotic 
recombination. Thus, pseudo-overdominance may be a substantial effect in 
F3 lines when linkage between QTL is tight. 
Another possible reason for unexpectedly high levels of overdominanoe 
may be inaccurate estimates of effects. The effects described above, were 
estimated using single-QTL analysis, where QTL sites are assumed 
independent of one another. Methods used to develop multiple-QTL models 
have been previously described, where QTL identified by single-QTL analysis 
were considered jointly (Gocken et al., 1993). When estimates were 
recalculated using QTL included in multiple-QTL models, the frequency of 
overdominance in F^-identified QTL was reduced from 52% to 38% (Table 2). 
There are two possible reasons for this reduction. First, not all putative 
QTL identified by single-QTL analysis were included in multiple-QTL models. 
Presumably putative QTL sites included in multiple-QTL models are more 
likely to be actual QTL. Second, genetic effects estimated in multiple-QTL 
analysis are expected to be more accurate than those estimated in single-
QTL analysis since covariance among loci is considered (Lincoln and Lander, 
1990). 
TC Progeny Evaluation 
Analysis with an unconstrained model identified many of the same QTL 
in both TC evaluations, based on close proximity of log-likelihood peaks on 
the linkage map and the direction of estimated main effects at the peaks 
(Gocken et al., 1993). A positive main effect indicates a higher genotypic 
value of the B73/tester allelic pair, while a negative main effect 
indicates a higher value of the B52/tester allelic pair. In many cases, 
QTL identified as significant using an unconstrained model were not 
significant when the deviation effect of heterozygous-derived lines was 
fixed at zero (Tables 3 and 4). Since the expectation of deviation effects 
Table 2. Genetic effects associated with QTL identified by F3 line evaluation, using a 
multiple-QTL, unconstrained genetic model. 
Multi.- Additive Dominance Degree of Gene 
Trait Chromosome Interval QTL LOD effect effect dominance action® 
Grain Yield 5 bnll012-umc54 0.26 0.63 2.42 od 
9 umcll4-umo95 -0.27 0.14 -0.50 pd 
3 npi212-bnll297 0.25 0.15 0.60 pd 
8 npi268-umc7 13.50 0.13 0.73 5.62 od 
Grain Moisture 1 umcl57-bnll206 6.47 -13.98 -8.17 0.58 pd 
Root Lodging 3 umc50-umcl75 1.66 5.33 3.20 od 
1 isu6-bnl829 -1.81 3.16 -1.74 od 
9 umcll4-umc95 9.59 -2.03 -0.24 0.12 a 
Stalk Lodging 4 umc42-uracl9 1.58 -1.86 -1.18 od 
8 bnl908-npi268 1.40 -0.73 -0.52 pd 
5 umc51-umcl04 10.60 -1.48 -2.85 1.92 od 
Dropped Ears 3 umc50-umcl75 0.24 0.22 0.93 d 
5 bnl622-bnl743 6.55 0.21 0.14 0.67 pd 
Ear Height 9 umcll4-umc95 -4.93 0.98 -0.20 a 
7 bnl837-bnll407 -2.77 5.25 -1.90 od 
1 umcl57-bnll206 -5.28 0.10 -0.02 a 
3 umcl75-bnl537 4.57 -2.24 -0.49 pd 
2 umc98-umc22 23.57 2.66 6.69 2.51 od 
Plant Height 9 umcll4-umc95 -6.41 -0.06 0.01 a 
3 umcl75-bnl537 7.75 -0.05 -0.01 a 
1 umcl57-bnll206 -9.04 8.22 -0.91 d 
2 umc98-umc22 22.17 4.67 1.81 0.39 pd 
GDDS 1 bnl562-umcl57 3.01 5.43 19.83 -3.65 od 
GDDP 3 umcl75-bnl537 8.22 6.44 0.78 pd 
1 bnl562-umcl57 —6.62 19.63 -2.96 od 
4 npi410-bnl823 8.26 9.95 -0.28 -0.03 a 
2ECB Tunneling 2 npi287-isu7 6.03 -6.26 -1.04 d 
1 bnl562-uincl57 3.46 6.68 1.93 od 
3 umc50-umcl75 10.12 3.95 -3.07 -0.78 pd 
° Mode of gene action based on boundaries imposed on degree of dominance values where; 0 to 0.2 
additive (a); > 0.2 to 0.8 = partial dominance (pd); > 0.8 to 1.2 = complete dominance (d); and 
> 1.2 = overdominance (od) (Stuber et al., 1987). 















1 umcl57-bnll206 1.48 1.17 3.57 0.08 
1 bnl559-umc23 1.80 0.97 7.53 1.72 
1 bnl829-bnl632 -0.62 0.00 2.39 2-39 * 
2 umcl31-piol012 -0.22 0.48 2.91 0-22 
2 umcl39-umc36 0.72 0.63 2.59 0-94 
3 npi212-bnll297 0.72 0.37 5.60 3.63 * 
4 umc42-umcl9 1.00 0.41 6.72 4.95 * 
4 bnl303b-umcl5 1.14 0.47 4.58 3.36 * 
4 npi410-bnl823 1.72 0.86 8.86 1.63 
5 bnl622-bnl743 -0.40 0.33 2.32 1.25 
5 umc51-umcl04 1.68 1.00 7.44 0.64 
6 bnl547-npi280 1.56 1.07 4.05 0.48 
7 umcll6-umcl25 -1.62 1.08 3.16 0.00 
7 umc35-umcl68 0.20 0.42 2.44 0.20 
8 bnll305-bnl911 0.64 0.26 2.73 2.15 
8 umcl03-bnll039 0.96 0.30 6.28 5.23 * 
8 npi268-umc7 0.86 -0.04 3.81 3.79 * 
9 umcl53-umcll4 -0.40 0.55 5.15 1.32 
10 umc64-npi232 —0.66 0.36 4.93 3.44 * 
1 umcl57-bnll206 -11.46 0.04 5.17 5.17 * 
2 umc98-umc22 -10.40 3.92 6.27 5.04 * 
3 bnll297-umc96 9.54 4.10 3-50 2.51 * 
6 bnl547-npi280 -7.72 2.44 2.43 2.10 
1 bnl559-umc23 3.22 0.96 2-90 2-49 * 
1 umcl28-isu6 -1.20 3.21 2.74 0.21 
2 umc55-umc5 -1.88 0.69 2.82 2.26 * 
6 umc21-bnl303a -2.22 0.51 3.42 3.12 * 
2 umc22-umcl39 -3.02 0.53 2.70 2.53 * 
3 bnl537-bnll520 -1.66 -2.00 3.42 1.26 
5 bnllOOe-bnllOl -2.62 -1.15 3.56 2.59 * 






1 umcl57-bnll206 -3.52 2.19 2.98 2.04 
4 bnl303b-umcl5 5.60 0.25 2.95 2.94 * 
5 bnl622-bnl743 -6.10 0.09 5.61 5.61 * 
5 umc51-umcl04 -2.14 2.66 3.11 0.99 
7 bnll407-umc59 -3.92 0.70 2.45 2.34 * 
8 bnll305-bnl911 4.18 1.27 2.85 2.48 * 
8 umcl03-bnll039 -2.08 -0.81 2.78 2.01 
9 umcl53-umcll4 -3.60 2.77 4.93 2.49 * 
4 bnl303b-umcl5 8.60 -0.32 5.39 5.37 * 
5 bnllOOe-bnllOl -6.72 2.58 3.64 2.96 * 
5 umc51-umcl04 -1.60 4.23 3.88 0.43 
8 bnll305-bnl911 5.42 1.45 2.78 2.51 * 
9 umcl53-umcll4 -5.04 3.78 5.60 2.75 * 
10 umc64-npi232 -4.98 1.64 2.57 2.18 
1 bnl562-umcl57 -14.86 2.34 3.90 3.77 * 
1 bnl829-bnl632 9.50 -2.07 2.25 2.07 
2 umc55-umc5 12.56 -1.81 3.38 3.25 * 
2 umcl39-urac35 -9.88 -3.82 2.85 2.25 * 
3 npi212-bnll297 -8.80 -4.00 2.39 1.70 
5 bnll012-umc54 -16.68 2.06 5.51 5-37 * 
5 umc51-umcl04 -23.84 -2.18 5.53 5.43 * 
10 umc64-npi232 6.92 -5.56 2.95 1.67 
1 bnl562—umcl57 -13.48 2.26 4.88 4.67 * 
5 bnll012-umc54 -14.28 1.53 5.09 4.97 * 
9 bnl504-umcl53 -9.48 0.62 2.88 2.86 * 
9 umc95-isu3 -9.56 -0.36 2.66 2.65 * 
2 umc98-umc22 6.24 -0.89 3.94 3.80 * 
3 umc96-umcl26 -4.52 -0.13 2.60 2.60 * 
7 umc35-umcl68 -2.14 -3.72 4.46 0.45 
8 npi268-umc7 -4.92 -0.15 2.86 2.85 * 
10 npil05-npi303 -2.82 2.97 3.36 1.12 
'' Unconstrained and constrained LOD scores indicate log-likelihood values calculated using a 
free genetic model and a model where deviation effects were fixed at zero, respectively. 
* Constrained model significant at 2.2 LOD threshold. 
Table 4. Genetic effects associated with QTL identified in Oh43 TC evaluation, as defined in text. 
Main Deviation Unconstrained Constrained 
Trait Chromosome Interval effects effects LOD® LOD^ 
Grain Yield 1 bnl562-umcl57 0.38 0.18 2.35 1.72 
1 bnl559-umc23 0.68 0.42 2.88 1.31 
3 npi212-bnll297 0.56 0.17 6.90 5.75 * 
4 umc42-umcl9 0.44 0,27 4.67 2.91 * 
5 umc51-umcl04 0.64 0.37 4.03 2.36 * 
8 umcl03-bnll039 -0.92 0.13 2.81 0.83 
9 umcl53-timcll4 -0.26 0.32 5.04 1.49 
10 umc64-npi232 -0.44 0.23 6.69 4.70 * 
Grain Moisture 1 umel57-bnll206 -13.32 -0.99 5.21 5.15 * 
3 bnll297-urac96 9.38 -0.43 2.99 2.98 * 
Root Lodging 1 bnll206-umc67 1.38 -1.36 2.28 1.32 
1 umcl28-isu6 -2.82 0.41 2.63 2.53 * 
5 umc51-umcl04 4.44 1.32 4.10 3.54 * 
6 pll-umc21 -1.58 1.11 2.70 1.54 
stalk Lodging 4 umc42-umcl9 2.80 -0.69 3.05 2.61 * 
9 umcl53-umcll4 -2.84 0.26 6.38 6.27 * 
Dropped Ears 5 umc51-umcl04 -0.60 -0.29 2.48 1.67 
6 umc46-bnl547 —0.60 -0.16 2.89 2.44 * 
Ear Height 1 umcl57-bnll205 -6.18 0.18 2.56 2.56 * 
4 umc42-umcl9 6.02 0.18 2.28 2.28 * 
5 umc90-bnl622 -6.40 -1.16 3.87 3.60 * 
6 bnl547-npi280 -1.78 4.81 2.55 0.17 
7 umc59-umc35 -2.50 3.88 2.34 1.11 
8 umcl03-bnll039 3.88 2.25 2.72 1.67 
9 umcl53-tuncll4 -5.60 2.20 4.75 3.69 * 
10 umc64-npi232 -3.60 2.67 3.40 2.01 
Plant Height 1 umcl57-bnll206 -9.02 -0.88 2.68 2.64 * 
3 umcl75-bnl537 7.50 -1.58 2.88 2.65 ie 
4 umc42-umcl9 8.04 0.30 2.80 2.79 * 
5 umc90-bnl622 -9.24 -1.41 5.49 5.20 * 
8 umcl03-bnll039 5.00 3.16 2.42 1.45 
9 bnl504-umcl53 -7.78 2.35 5.30 4.52 * 
10 npil05-npi303 -2.80 6.56 3.53 0.85 
GDDS 1 umcl57-bnll206 -21.84 -8.63 4.84 3.68 * 
2 piol012-umc55 10.46 -3.56 2.56 2.13 
5 umc51-umcl04 -25.38 -10.65 3.80 2.45 * 
GDDP 1 umcl57-bnll206 0.22 -0.85 3.87 3.75 * 
5 bnllOOe-bnllOl -9.72 -1.41 3.02 2.89 * 
5 \imc51-umcl04 -9.20 -2.22 2.81 2.52 * 
9 umc95-isu3 -13.96 -3.28 4.01 3.61 * 
2ECB Tunneling 1 umcl28-isu6 -3.28 -1.06 2.88 2.31 * 
5 umc54-umc51 1.56 -0.59 2.90 2.35 * 
6 umc65-pll 1.96 1.04 2.70 1.31 
^ Unconstrained and constrained LOD scores indicate log-likelihood values calculated using a 
free genetic model and a model where deviation effects were fixed at zero, respectively. 
* Constrained model significant at 2.2 LOD threshold. 
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in TC progeny evaluation is zero, one could argue that only a model with 
this constraint is valid. However, the presence of deviation effects may 
have been due, in part, to the expression of genuine QTL effects resulting 
from forces acting on heterozygous-derived lines prior to and during 
testcrossing. 
One possible cause for significant deviation effects observed in TC 
progeny is unequal representation of QTL alleles, bl and b2, in blb2-
derived progeny. This situation could occur due to small sample sizes or 
selection. The effect of selection, as opposed to sampling, is expected to 
be directional for QTL associated with a given trait. While no conscious 
selection was practiced while testcrossing to F3 rows, inadvertant 
selection during hand-pollination and/or natural selection occurring during 
the growing season may have occurred in rows segregating for QTL. 
Directional effects were examined by comparing the number of putative QTL 
with negative versus positive deviation effects, without regard to the 
magnitude of effects (Figure 5). In both TC populations, most deviation 
effects were in the positive direction for grain yield, root lodging, ear 
height, and plant height; and the negative direction for stalk lodging, 
GDDS, GDDP, and 2ECB tunneling. If selection was the cause of this 
assymetry, it may not have always been directly for a trait, but for one or 
more correlated traits. For example, there may not have been selection for 
root lodging, per se, but for traits, such as plant and ear height, to 
which root lodging was correlated (Gocken et al., 1993). The opposing 
directional effects in the two TC populations for grain moisture may have 
been due to stabalizing selection for an intermediate phenotype since Oh43 
is much earlier than Mol7, although this situation was not observed in the 
maturity traits, GDDS and GDDP. Generally, the direction of deviation 
effects appeared to be independent of which parent contributed the positive 
allele, as indicated by the sign of the main effect (Tables 3 and 4). 
Since the expectation of the blb2(TC) genotypic class mean is the 
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Figure 5. Number of QTL identified in TC evaluation with deviation effects that were above or below 




midpoint between blbl(TC) and b2b2(TC) class means, a deviation effect that 
is > 0.5 times the main effect indicates that the heterozygous-derived mean 
is beyond the range of the two homozygous-derived class means. Although 
this situation was observed in 69% (43 of 62) and 72% (31 of 43) of QTL 
identified by Mol7 TC and Oh43 TC evaluation, respectively, it cannot be 
fully explained by unequal frequencies of parental alleles in heterozygous-
derived progenies. Unequal representation of bl and b2 alleles in blb2(TC) 
progeny would cause the blb2(TC) mean to approach that of one of the 
homozygous-derived TC means, but not to exceed it. 
As described above for genetic effects associated with Fg lines, TC 
effects were recalculated for QTL included in multiple-QTL models. Many of 
the putative QTL sites identified by single-QTL analysis TC progenies were 
excluded when considered in multiple-QTL models (Gocken et al., 1993), 
however, the proportion of remaining QTL that had deviation effects 
exceeding the range of the homozygous-derived class means was virtually 
unchanged in either TC population [69% (24 of 35) in Mol7 TC and 70% (21 of 
30) in Oh43 TC]. 
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CONCLUSIONS 
The effectiveness of TC evaluation in detecting a QTL, as measured by 
the variance among progenies attributable to the QTL, is greatest when the 
high parental allele also expresses the highest dominance in combination 
with the tester allele. One manifestation of this situation occurs when 
the tester allele (b3) equals that of the low parental allele (bl) at a 
locus that exhibits positive dominance (e.g., backcross to the parent 
possesing the low allele). In this two allele situation, is fixed at 
zero while d^gj^g equals allowing a direct comparison to F3 line 
evaluation at varing levels of dominance. When the tester allele equals 
the low parental allele, TC evaluation will be less effective than F3 line 
evaluation at levels of dominance below 1.2 and more effective at levels 
exceeding 1.2. The effectiveness of TC evaluation when the tester allele 
equals the high parental allele is much lower than F3 line evaluation at 
all levels of dominance below 2.0 (Figures 1 and 2). 
In our experimental study, neither population parent was used as a 
tester, so we cannot conclusively apply a two allele model for direct 
comparison of TC with F3 line evaluation. However, the generalized model, 
where the tester allele is not necessarily equal to either parental allele 
offers some insight into our results. For example, in most cases, B73 was 
the parental contributor of the allele that increased grain yield. In 
these cases, one can conclude that TC evaluation was most effective at 
detecting QTL when there were large positive differences between the 
dominance expressed by the B73/tester allelic pair and that expressed by 
the B52/tester allelic pair. Since 852 has a similar RFLP profile to 
Lancaster-derived lines, such as Mol7 and particularly Oh43 (Lee et al., 
1989), one can speculate that in many cases the tester allele was equal to 
the allele contributed by 852, reducing the generalized model to the two 
allele model. In these cases, TC evaluation would be more effective than 
F3 line at detecting QTL for grain yield when the level of dominance by the 
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B73/tester allelic pair that exceeded +1.2. Note that pseudo-overdominance 
could contribute to differences between estimated TC genotypic means if the 
tester is equal to the given parent for the region possessing the linked 
loci. 
Observed differences between the heterozygous-derived TC class and 
the mean of the homozygous-derived classes (TC deviation effects) were 
substantial, even though their expectation was zero. The directional 
nature of these effects, within traits, indicates that individual plant 
selection occurred within heterozygous-derived families during the 
testcrossing generation. However, selection alone would not account for 
the high proportion of QTL that had heterozygous-derived TC means exceeding 
the range of the homozygous-derived classes. Other causes for inflated 
deviation values are not clear although limited progeny number and large 
intervals present in portions of our linkage map may have contributed to 
unreliable estimates of effects. 
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PAPER III. THE EFFECT OF GENOTYPE X ENVIRONMENT 
INTERACTION ON QTL DETECTION 
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ABSTRACT 
Genotype X environment (G X E) interaction is known to play an 
important role in phenotypic expression at the whole-plant level (Hallauer 
et al., 1988). QTL analysis of progenies replicated across environments 
permits evaluation of the interaction of QTL genotypes with the 
environment. The objective of this study was to assess the importance of 
QTL X environment interaction. 
Fg and testcross (TC) progenies derived from B52 X 873 cross were 
evaluated for several traits in up to six environments (three Iowa 
locations in 1990 and 1991). The frequency of marker loci expressing 
significant marker genotype X environment interaction was less than would 
be expected by chance alone (< 5%) for many traits, including grain yield. 
The frequency of significant marker genotype X environment interaction was 
higher for root lodging (37% averaged over progeny evaluations) and stalk 
lodging (18% averaged over progeny evaluations) although loci where this 
was observed rarely had significant marker genotype main effects. The 
positions of QTL determined by interval mapping within individual 
environments usually lay within the 90% support intervals of QTL determined 
by interval mapping over environments for grain yield, grain moisture, 
plant height, and ear height. QTL identification for root lodging, stalk 
lodging, and dropped ears across environments was not as consistent, 
primarily because incidence was often not high enough to adequately 
distinguish genotypes. These results suggest that QTL identification is 
generally stable across environments for many agronomic traits in maize, 
provided that conditions are present for adequate evaluation of the traits. 
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INTRODUCTION 
Plant breeders have long been aware of the difficulty in identifying 
superior germplasm because of the interaction between genotype and 
environment. More recently, researchers attempting to identify 
quantitative trait loci (QTL) by using molecular markers have also been 
faced with this situation. At issue is the number of environments needed 
to effectively identify and map QTL. If QTL identification is extremely 
stable, phenotypic evaluation of individual plants in a single environment 
is adequate. If, however, QTL are not particularly stable, evaluation will 
need to be conducted on progeny replicated in several environments. 
Information gained from QTL studies conducted over several environments may 
also be useful in obtaining a better understanding of the cause of genotype 
X environment (G X E) interaction observed in traditional plant breeding 
studies. 
In a recent review, Dudley (1993) reported that the level of QTL 
genotype X environment interaction has varied among studies. Among the 
factors that may have contributed to these differences are the number and 
range of environments, genetic material used, traits evaluated, and method 
of analysis. Dudley (1993) reported that examinations of QTL X environment 
interaction have been primarily approached either by analysis of variance 
or comparison of frequencies of significant QTL effects across 
environments. In separate studies using the analysis of variance approach, 
Guffy et al. (1989), Zehr (1990), and Stuber et al. (1992) found that 
occurrences of significant marker genotype X environment interactions were 
not common for grain yield and other quantiative traits in maize. Using 
interval mapping, Stuber et al. (1992) also found that the map position of 
QTL was generally consistent across environments. In contrast, Paterson et 
al. (1991) evaluated a Lycopersicon esculentum X L. cheesmanii cross using 
interval mapping and reported that the number of QTL in common across 
environments was relatively low, especially across diverse environments. 
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Schon et al. (1993) previously evaluated F3 lines in the same 
population used in our study (B73 X B52). Using interval mapping, they 
found that the positions of QTL for second generation European corn borer 
(2ECB) tunneling and plant height were generally consistent across two 
central Iowa locations. We analyzed QTL for several traits by using F3 and 
testcross families (F3 lines crossed with Mal7 and Oh43). Evaluations were 
conducted at three Iowa locations in 1990 and 1991 for a total of six 
environments. The objecive of this paper is to determine the level of QTL 
X environment interaction revealed by analysis of variance and comparisons 
of map positions across environments. 
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MATERIALS AND METHODS 
Genetic Materials and Field Evaluation 
An Fg population was formed using the maize inbred lines, B52 and 
B73. F2 plants were selfed, generating F3 lines. Two sets of 182 
testcross (TC) families were formed by crossing F3 rows with the inbred 
testers, Mol7 and Oh43. Seed from the same 182 F3 lines was also increased 
by sib-mating. F3, Mol7 TC, and Oh43 TC families were each evaluated in 
separate 14 X 14 simple lattices (including 14 check entries) in 1990 and 
1991 at Ames, Ankeny, and Martinsburg, Iowa. Measurements were taken on 
two-row plots for machine-harvested grain yield, grain moisture, and root 
lodging in all six environments; stalk lodging, dropped ears, ear height, 
and plant height in all environments except Ankeny, 1991; growing degree 
days (Shaw, 1988) from planting to silk emergence (GDDS) and anthesis 
(GDDP) in Ames, 1990 and 1991. Resistance to second generation European 
corn borer (2ECB) was evaluated separately in hill plots. Laboratory-
reared corn borer larvae were applied to plants during pollen shed and 
stalk damage due to feeding larvae was measured at the end of the season. 
2ECB tunneling was measured on TC progenies in Ames, 1990 and 1991, and on 
F3 lines in Ames, 1991 only. Data collection procedures were described in 
detail previously (Gocken et al., 1993). 
Climatic Conditions 
Climatic differences were generally greater between years than among 
locations within years. 1990 was characterized by ample precipitation from 
May through July, although cool temperatures, particularly in May, slowed 
early growth (Figures 1 and 2). In 1991, Ames and Ankeny received heavy 
precipitation early, delaying planting at Ankeny. Data collected from 
Sigourney, approximately 18 km north of Martinsburg, indicate that rainfall 
in the Martinsburg region was considerably less than in Ames or Ankeny 
during this period. The latter part of June and July at all locations were 
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* Temperature data associated with Martinsburg was collected at Sigourney, Iowa 
Figure 2. Weekly temperatures occurring at each environment during the growing season 
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season of 1991 were somewhat warmer than in 1990, particularly in May (1990 
May mean = 13.8°C; 1991 May mean = 18.3°C). A wind storm occurred in 
Ankeny in August, 1991, resulting in severe root lodging. We chose not to 
measure dropped ears, stalk lodging, plant or ear heights in Ankeny, 1991, 
because wind damage made measuring difficult and imprecise. 
Linkage Map Development and QTL Analysis 
RFLP genotypes of Fg individuals were determined from DMA samples 
collected from bulked samples of greenhouse-grown Fg-derived Fg plants, 
using standard procedures (Helentjaris, 1987; Lee et al., 1989). Eighty-
seven polymorphic markers were identified and arranged in a linkage map 
based on two-point, three-point, and multi-point maximum likelihood 
comparisons, using the computer program, Mapmaker (Lincoln et al., 1990). 
Ten linkage groups, corresponding to the 10 maize chromosomes were 
identified. 
Variation associated with genotypic classes at individual marker loci 
and marker genotype X environment interaction were determined by separate 
analyses of variance for each marker locus, calculated on progeny X 
environment means adjusted for lattice effects. The significance of marker 
classes was tested based on F^g^|^g|. — MSpp,gf|^g|./MS^gfl^g^«g^y^jpgp^gp^ and the 
significance of marker X environment interaction was tested based on 
^marker"environment ~ ^®nriarker*environment/^®error* 
QTL associated with each environment were also identified by using 
the maximum likelihood method, interval mapping (Lander and Botstein, 
1989), aided by the computer program Mapmaker-QTL (Lincoln and Lander, 
1990). Progeny X environment means, adjusted for lattice effects, were 
used to calculate log-likelihood (LOD) values at 2 cM increments throughout 
the linkage map. The presence of a QTL was declared when LOD score 
exceeded a threshold of 2.2, equivalent to an experiment-wise a = 0.05, 
where a is the probability of declaring the presence of a QTL somewhere in 
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the genome when none are segregating. QTL positions were estimated at the 
maxima of regions exceeding the LOD threshold. Adjacent maxima were 
considered evidence of separate QTL when there was at least a two unit 
decrease in log-likelihood between them. Ninety percent support intervals 
were placed around each putative QTL. The boundaries of support intervals 
indicate one unit decreases in the LOD score from that calculated at the 




Trait means varied considerably across environments (Table 1). Grain 
yields in Martinsburg were low relative to other locations, particularly in 
1991, probably due in large part to dry conditions leading up to 
pollination. Barren plants and ear smut, both of which are associated with 
drought conditions (Aldrich et al.,1986), were common in Martinsburg, 1991, 
especially in the Fg lines. Root lodging was minimal in all environments 
except Ankeny, 1991, where it was very high, due to an August wind storm. 
The longer period between planting and anthesis and more precipitation 
probably resulted in greater plant and ear heights in 1990 than 1991. 
Analysis of Variance 
Although the percentage of marker loci expressing significant marker 
class effects was high for many traits, the percentage expressing 
significant marker genotype X environment interaction was usually low, 
often below what would be expected by chance alone (5%) (Table 2). 
Percentages of significant marker X environment interaction were somewhat 
higher for dropped ears in Fg line evaluation, stalk lodging in Fg line and 
Mol7 TC evaluation, and root lodging in all three evaluations. While 
marker X environment interaction was significant for root lodging at a 
relatively high percentage of marker loci, none of these loci expressed 
significant marker main effects. Since only Ankeny, 1991, had an 
appreciable amount of root lodging (Table 1), it is possible that real 
effects associated with markers in this environment were not statistically 
significant when averaged over all environments. 
Interval Mapping 
The number of putative QTL identified by interval mapping varied 
across environments although these differences were not always consistent 
across progeny evaluations (Table 3). It was rare for a single environment 
to have either the most or fewest significant QTL in all three progeny 
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Table 2. Number and percentage of significant {Pr>F < 0.05) marker, marker X environment, and 
both marker and marker X environment effects calculated from analyses of variance on 87 
marker loci. 
Marker X Environment Both Marker and 
Marker Effect Interaction Marker X Environment 
Trait Progeny No. sig. % of 87 No. sig. % of 87 No. sig. % of a 
Grain Yield F3 Line 68 78.16 0 0 0 0 
Mol7 TC 73 83.91 1 1.15 1 1.15 
Oh43 TC 52 59.77 0 0 0 0 
Grain Moisture F3 Line 66 75.86 1 1.15 1 1.15 
Mol7 TC 59 67.82 1 1.15 0 0 
Oh43 TC 46 52.87 1 1.15 1 1.15 
Root Lodging F3 Line 0 0 32 36.78 0 0 
Mol7 TC 0 0 41 47.13 0 0 
Oh43 TC 0 0 25 28.74 0 0 
stalk Lodging F3 Line 12 13.79 22 25.29 3 3.45 
Mol7 TC 13 14,94 21 24.14 3 3.45 
Oh43 TC 21 24.14 3 3.45 0 0 
Dropped Ears F3 Line 10 11.49 11 12.64 0 0 
Mol7 TC 2 2.30 3 3.45 0 0 
Oh43 TC 11 12.64 1 1.15 0 0 
Ear Height F3 Line 63 72.41 4 4.60 3 3.45 
Mol7 TC 74 85.06 0 0 0 0 
Oh43 TC 75 86.21 0 0 0 0 
Plant Height F3 Line 55 63.22 5 5.75 4 4.60 
Mol7 TC 70 80.46 0 0 0 0 
Oh43 TC 68 78.16 0 0 0 0 
GDDS F3 Line 21 24.14 6 6.90 0 0 
Mol7 TC 71 81.61 0 0 0 0 
Oh43 TC 50 57.47 1 1.15 0 0 
GDDP F3 Line 14 16.09 6 6.90 0 0 
Mo 17 TC 52 59.77 0 0 0 0 
Oh43 TC 60 68.97 0 0 0 0 
2ECB Tunneling F3 Line 
Mol7 TC 42 48.28 0 0 0 0 
Oh43 TC 16 18.39 1 1.15 0 0 
Table 3. Number of QTL identified in combined analyses and analyses of individual environments 
using interval mapping (LOD threshold = 2.2). 
Ames Ames Martinsburg Martinsburg Ankeny Ankenj 
Trait Progeny Combined 1990 1991 1990 1991 1990 1991 
Grain Yield Fg Line 5 4 3 4 1 5 0 
Mol7 TC 19 14 13 9 9 4 3 
Oh43 TC 8 8 5 0 5 7 2 
Grain Moisture F3 Line 1 2 4 2 7 3 1 
Mol7 TC 4 6 3 3 5 3 0 
Oh43 TC 2 2 1 3 0 1 0 
Root Lodging F3 Line 3 0 3 0 3 1 5 
Mol7 TC 4 2 5 1 2 3 4 
Oh43 TC 4 1 2 1 4 4 4 
Stalk Lodging F3 Line 3 0 1 1 1 6 
Mol7 TC 4 1 2 7 3 3 
Oh43 TC 2 2 1 1 2 4 
Dropped Ears F3 Line 4 1 0 5 7 1 
Mol7 TC 0 0 0 2 1 1 
Oh43 TC 2 1 0 2 2 3 
Ear Height F3 Line 5 1 5 6 5 4 
Mol7 TC 8 4 7 5 5 4 
Oh43 TC 8 6 4 5 2 3 
Plant Height F3 Line 5 0 6 6 5 4 
Mol7 TC 6 4 5 5 6 5 
Oh43 TC 7 4 4 5 5 3 
GDDS F3 Line 1 0 4 . 
Mol7 TC 8 8 4 
Oh43 TC 3 4 1 
GDDP Fg Line 3 0 4 
Mol7 TC 4 3 3 
Oh43 TC 4 3 3 
2ECB Tunneling Fg Line 3 . 3 
Mol7 TC 5 3 3 
Oh43 TC 3 1 1 
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evaluations. 
The precision with which QTL associated with grain yield were mapped, 
as measured by support interval lengths, was generally greater in the 
testcross evaluations than the F3 line evaluation (Figures 3, 4, and 5). 
Consequently the map positions of QTL estimated in individual environments 
were usually in closer proximity to one another in the testcross 
evaluations, particularly Mol7 TC, than the F3 line evaluation. 
Differences among the relative precision of progeny types were not as 
apparent for grain moisture (Figures 6, 7, and 8), ear height (Figures 9, 
10, and 11), and plant height (Figures 12, 13, and 14). QTL positions 
identified for all of these traits in individual environments usually fell 
within the support interval regions of QTL identified in the analysis over 
environments (designated environment 0 on figures). It was, however, rare 
when every environment (five or six, depending on the trait) identified a 
significant peak within the support interval region of a QTL identified in 
combined analysis. 
The only environment with high levels of root lodging was Ankeny, 
1991. As a result, the positions of root lodging QTL when considered over 
environments corresponded very closely with QTL identified in Ankeny, 1991 
(Figures 15, 16, and 17). QTL associated with stalk lodging and dropped 
ears (not shown) sometimes mapped to similar regions in two or three 
environments, but since LOD values were generally low, these regions rarely 
were significant in analysis over environments. 
The inferences that can be drawn from GDDP (Figures 18, 19, and 20), 
GDDS (not shown, but similar to GDDP), and 2ECB tunneling (not shown) are 
not great since these traits were only evaluated in two environments. QTL 
identification of GDDP and GDDS was ineffective in 1990 in F3 line 
evaluation, although both years seemed equally effective in testcross 
evaluation. Of the five QTL associated with 2ECB tunneling in combined 
analysis of Mol7 TC, two were identified in both environments. None of the 
8 
chromosome 
1 2 3 4 5 6 7 
environment * 
0]23456 0123456 0123456 0123456 0123456 0123456 0123456 0123456 0123456 0123456 
10 
1 = 50 cM 
* environment 0 = mean over environments 
1 = Ames, 1990 
2 = Ames, 1991 
3 = Martlnsburg, 1990 
4 = Martinsburg, 1991 
5 = Ankeny, 1990 
6 = Ankeny, 1991 
Figure 3. Estimated QTL positions for grain yield, based on F3 line evaluation; QTL significance 
threshold - 2.2 log-likelihood units; support intervals (represented by vertical bars 
extending from diamond-shaped peak symbols) indicate a one unit decrease in log-likelihood 
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Figure 6. Estimated QTL positions for grain moisture, based on F3 line evaluation; QTL significance 
threshold - 2.2 log-likelihood units; support intervals (represented by vertical bars 
extending from diamond-shaped peak symbols) indicate a one unit decrease in log-likelihood 
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Figure 8. Est^ated QTL positions for grain moisture, based on Oh43 TC evaluation; QTL significance 
f Z 2-2 log likelihood units; support intervals (represented by vertical bars 
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Figure 9. Est^ated QTL positions for ear height, based on F3 line evaluation; QTL significance 
f 2-2 log likelihood units; support intervals (represented by vertical bars 
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Figure 14. Estimated QTL positions for plant height, based on Oh43 TC evaluation; QTL significance 
threshold - 2.2 log-likelihood units; support intervals (represented by vertical bars 
extending from diamond-shaped peak symbols) indicate a one unit decrease in log-likelihood 
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Figure 15. Estimated QTL positions for root lodging, based on F3 line evaluation; QTL significance 
threshold - 2.2 log-likelihood units; support intervals (representaw by vertical bars 
extending from diamond-shaped peak symbols) indicate a one unit decrease in log-likelihood 
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Figure 16. Estimated QTL positions for root lodging, based on Mol7 TC evaluation; QTL significance 
threshold =2.2 log-likelihood units; support intervals (represented by vertical bars 
extending from diamond-shaped peak symbols) indicate a one unit decrease in log-likelihood 
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Figure 17. Estimated QTL positions for root lodging, based on Oh43 TC evaluation; QTL significance 
threshold = 2.2 log-likelihood units; support intervals (represented by vertical bars 
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Figure 18. Estimated QTL positions for GDDP, based on Fg line evaluation; QTL significance threshold 
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Figure 19. Estimated QTL positions for GDDP, based on Mol7 TC evaluation; QTL significance threshold 
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Figure 20. Estimated QTL positions for GDDP, based on Oh43 TC evaluation; QTL significance threshold 
- 2.2 log-likelihood units; support intervals (represented by vertical bars extending from 
diamond-shaped peak symbols) indicate a one unit decrease in log-likelihood 
137 
three QTL identified in combined analysis of Oh43 TC were consistent across 
environments. These results were somewhat unexpected since ECB larvae were 
applied manually, and not subject to differences in natural infestation. 
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DISCUSSION 
Analysis of Variance 
The low percentage of markers expressing significant marker X 
environment interaction for grain yield and several other traits is in 
agreement with previous studies (Guffy et al., 1989; Stuber et al., 1992). 
For example, Guffy et al. (1989) studied grain yield and found that the 
percentage of markers with significant marker X environment interaction was 
6.9% and the percentage of markers with both significant marker and 
significant marker X environment interaction was 1.5%. In our study, root 
lodging, stalk lodging, and to some extent, dropped ears had higher 
percentages of markers expressing significant marker X environment 
interaction although these cases were rarely accompanied with significant 
marker main effects. 
Interval Mapping 
Interval mapping provides another method to observe differences in 
QTIi expression in different environments. QTL identified by interval 
mapping were generally stable across environments for grain yield 
(especially in testcross evaluation), grain moisture, ear height, and plant 
height. This conclusion is based on the fact that QTL identified in 
individual environments usually were within the support interval region of 
QTL identified in combined analysis. These results are similar to those 
reported by Stuber et al. (1992) in a QTL study of several traits in maize 
conducted over six environments across three states. Unlike the study by 
Stuber et al., however, occasions when all environments identified 
significant QTL in a particular region were somewhat rare. 
The primary effect of environment on QTL identification for root 
lodging, stalk lodging, and dropped ears appeared to be whether incidence 
was high enough to differentiate among QTL genotypes. For these traits, 
the problem was not the number of environments that they were evaluatated 
in but that conditions providing good opportunities for differenting 
139 
genotypes were sporadic. 
Based on this study, few inferences can be made regarding the role of 
environment on 6DDS, GDDP, since these traits were only evaluated in two 
environments (one location, two years). Likewise, 2ECB tunneling was 
evaluated in two environments in testcrosses and a single environment in F3 
lines. It is, however, worthwhile to compare results of 2ECB tunneling in 
this study to a previous QTL study of 300 F3 lines from this population 
(Schon ,1993), evaluated in Ames and Ankeny, 1989. There was little 
correspondence between QTL identified in testcrosses in this study and QTL 
identified in F3 lines from the study by Schon et al. although three QTL 
identified in our F3 line evaluation mapped to similar regions as three QTL 
identified by Schon et al. (Gocken et al., 1993). Strangely, these three 
QTL were minor in effect, relative to others that Schon et al. identified. 
The reason for these differences between the two studies is unclear. 
Tunneling means were somewhat lower in our study, indicating that 
infestation and/or feeding was not as great. Perhaps the "major" QTL 
identified by Schon et al. require a threshold of infestation for 
differential expression which was not exceeded in our study. 
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GENERAL SUMMARY 
The overall objective of Papers I and II was to assess the 
effectiveness of F3 line and testcross (TC) progeny evaluation in detecting 
QTL. In Paper I, this objective was addressed empirically, on the basis of 
QTL analysis of a B52 X B73 population, evaluated phenotypically as F3 
lines and Mol7 and Oh43 TC progenies. Interval mapping was used to 
identify the likely positions of QTL, as indicated by log-likelihood peaks 
exceeding a 2.2 threshold. Putative QTL often mapped to similar 
chromosomal regions in P3 line and both TC progeny evaluations. Regions 
possessing significant peaks detected by both TC evaluations but not F3 
line evaluation were also common. Multiple-QTL analysis reduced the number 
of "likely" sites of QTL to no more than six for any trait. The most 
notable reduction was for grain yield in Mol7 TC evaluation with 19 sites 
identified in single-QTL analysis reduced to 5 in multiple-QTL analysis. 
Despite this reduction, the proportion of variance accounted for by a 
multiple-QTL model for grain yield remained relatively high (64% versus 37% 
in F3 line evaluation and 42% in Oh43 TC evaluation). 
In Paper II, the above objective was addressed theoretically, where 
the relative effectiveness of F3 and TC progeny evaluation to detect a QTL 
was based on expectations of variances among progenies attributable to the 
QTL. When gene action at a QTL is additive, the ability of F3 lines to 
detect that locus is always expected to be superior than that of TC 
progenies, regardless of the tester. TC evaluation will be most effective 
in detecting a QTL when dominance between the tester allele and the 
superior population allele is high relative to that between the population 
allele and the inferior population allele. This situation may have been 
common in our study, judging from the general effectiveness of TC 
evaluation reported in Paper I, especially for grain yield. 
Genetic interpretation of QTL effects determined in our experimental 
study was also addressed in Paper II. Fifty-two percent of significant QTL 
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identified by single-QTL analysis of F3 lines expressed apparent 
overdominance. Using multiple-QTL analysis, the frequency of overdominance 
was reduced to 38%. In TC evaluation, deviation effects between the 
heterozygous-derived TC class and the mean of the two homozygous TC classes 
were substantial, even though the expectations were zero. Deviation 
effects may have been partially due to selection occurring during the 
testcrossing. The accuracy of estimates of genetic effects may have also 
been reduced by limited progeny number and/or large intervals present in 
portions of our linkage map. 
The objective of Paper III was to examine QTL genotype X environment 
interaction. The frequency of markers with significant marker genotype X 
environment interaction was low for most traits. Interaction was somewhat 
higher for root lodging and stalk lodging although it rarely occurred at 
loci with significant marker main effects. QTL positions estimated by 
interval mapping in individual environments were generally stable, as 
indicated by peak positions lying in the 90% support intervals of QTL 
detected by interval mapping over all environments. The results of Paper 
III indicate that QTL detection for many agronomic traits in maize is 
generally stable across environments in Iowa, provided that adequate 
conditions for evaluation are present. One puzzling exception was 2ECB 
corn borer resistance. Our single-environment F3 line evaluation 
identified three QTL in common with a previous evaluation of 300 B52 X B73-
derived F3 lines, including the 182 lines evaluated in our study (Schon et 
al., 1993). Our study failed, however, to detect QTL with much larger 
effects, according to estimates made by Schon, et al. 
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